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Chapter 1

Heterogeneous catalysis in everyday
life

1.1 Introduction

Catalysis is nowadays a fundamental and essential tool for our society allowing the
production and treatment of chemicals at the industrial level that will turn to be
used in an incredibly high number of processes, from fertilizers production to the
textile or drug industry.

It is not possible to imagine the world we know without what does not come
straight from the nature but have been synthesized, treated or at least processed in
an industry.

These transformations have been (in most cases) performed using a catalyst which
changes the mechanism of the reaction increasing its rate (see Fig. 1).

Whereas homogeneous catalysis is mostly used for production of fine chemicals,
drugs precursors and medicines," intensive production of simple small organic or
inorganic molecules used as solvents or reactants has been prerogative of
heterogeneous catalysis from long time. Homogeneous catalysis refers to the
complete miscibility of the catalyst and the reactants — for example two miscible
liquids — where heterogeneous catalysis identifies multi-phase systems composed
by a solid catalyst and reactants in gas or liquid state, or also by two immiscible
liquids. Thousands of years before the development of the chemical industry,
catalysts were already used by human beings around the world to produce food
and beverages (see Fig. 2). Brewing was dated about 6000 B. C., where wine
production from grapes was estimated to begin after (~¥3000 B. C.). In both cases
the homogeneous catalyst is the yeast, the mixture of enzymes that allow the
transformation of carbohydrates and sugars contained in grapes and malt into
ethanol and carbon dioxide during the fermentation process. The same happens
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during dough leavening. Here the increment in volume is due to the CO, produced
in the fermentation that permeates in the porosities of the mixture.

Ea (no catalyst)

Energy
el

Reaction Progress

Figure 1: Energy diagram of the progress of the reaction R -> P. The catalyst changes the
mechanism leading to a lower activation barrier.”

Catalysts are not only necessary in a variety of common processes, but they are
also essential part of objects of everyday use. One nice and not so common
example is the catalytic combustion of methanol in cordless hair curlers. Quartz
wool coated with platinum serves as catalyst for the combustion, heating up the
curler and allowing its usage.®> Another interesting application of heterogeneous
catalysts is carbon monoxide detectors, helpful to prevent accidents caused by this
extremely poisonous gas. The device is composed by a fuel cell paired to an alarm.
The catalytic oxidation of CO at the anode occurs when the gas diffuses in the
porous platinum electrode. Sufficient concentration of gas in the air flow supply the
electrons needed to activate the alarm of the detector.?

Important examples of heterogeneous catalyzed processes used in chemical
industry are the synthesis of sulfuric acid at large scale* and the Haber-Bosch
process, the hydrogenation of nitrogen to produce ammonia on an iron based
catalyst, performed for the first time in 1913.* These want to be just two of a large
number of processes developed at industrial scale from the 19" century.

In all cases, from brewing to sulfuric acid production, the essential role of the
catalyst is always the same, resumed in Fig. 1. It gives a new more favorable path
between reactants and products, where the activation energy for the rate
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determining step is lower compared to the non-catalyzed reaction. The result is an
increment of the reaction rate.

121> =

| B
| |

Figure 2: A Syrian mercenary drinking beer in the company of his Egyptian wife and child,
13508.C°

In 1740 large scale H,SO, production was performed burning niter (KNO3) with
sulfur in a glass bell jar, but a clear definition of the essential role of the potassium
nitrate in the process would be given more than sixty years after, in 1806, by

2

Clement and Desormes: ”...nitric acid is only the instrument of the complete

oxygenation of the sulfur: it is the base, nitric oxide, that takes the oxygen from the
atmospheric air to offer it to the sulfurous acid in the state which suits it best...”.°
Nowadays sulfuric acid is one of the most important compounds made by chemical
industry, whose annual world production is ~200 million tons per year.” It is now
produced using a catalyst of vanadium oxide (V,0s) supported on silica and its main
use reside in phosphate fertilizers production and in metal processing (e. g.

manufacture of copper and zinc).

Another important chemical process with a long past history is the synthesis of
ammonia from its constituents N, and H, which is called “Haber process”. This
compound comes second after sulfuric acid as the chemicals with larger tonnage
per year. The most important purpose is (again) the production of fertilizers, which
adsorb more than 80% of the total world production, estimated to be about 140
million tons per year. The Haber process was introduced in 1913, being one of the
first examples where the thermodynamic knowledge led scientists to some
practical industrial solution.? In fact, although the overall process is exothermic,
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very high pressure are needed due to the stability of the N-N bond and the high
fugacity of hydrogen. The original catalyst used by Haber was iron oxide (Fe;0,),
but now much work has been done seeking for promoters and alternative catalysts.
In this sense graphite supported ruthenium seems one promising possible
substituent.’

1.2 From industrial catalysts to virtual models: rational
design versus trial and error procedure.

Fermentation was discovered long time before the development of the concepts of
chemical reactions and catalysis.

After Berzelius formulates the first definition of catalysis in 1836° and Sabatier
qualitatively defined a “good” and a “bad” heterogeneous catalyst'® long time have
to pass until catalytic reactions were performed with a deep knowledge of the
atomistic details of the transformation occurring and only recently it become
possible to explain how matter is arranged from the subatomic level to atoms and
molecules.

For centuries “recipes” were obtained only by serendipity or with many trials and
errors, but obviously these procedures do not offer a clear way to improve the
production of a certain compounds. Nowadays scientists have deep knowledge of
how atoms form molecules and experimental techniques actually allow “seeing”
the atomic detail of many chemical systems. Unfortunately real systems are by far
too difficult to study and their complexity does not allow distinguish between
characteristics that are of crucial importance for the chemical activity and those
who are not. In this case it is hard to obtain the necessary information for a
systematic improvement of catalyst and increase its activity.

Industrial catalysts are often composed by some noble metal nanoparticle (NMNP)
dispersed on a matrix (some metal or metal oxide). The noble metal is the active
phase of the catalyst where the reaction occurs, but it cannot just be used alone,
because of its extremely high price, and often because the activity depends from
both structural and electronic nano-size effects. For these reasons in most cases a
support is used, mostly composed by a metal oxide such cerium oxide (Ce0Q,), silica
(Si0,), titania (TiO,) or alumina (Al,03) nanoparticles exposing all kind of facets and
defects.® The support can be an active catalyst itself, a promoter of the chemical
reaction of interest or an inhibitor of some side reactions, but also just an inert
matrix on which NMNPs are dispersed.

10
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Promotion or inhibition depends of the influence of the support on the NMNPs,
allowing just specific active conformations or modifying the electronic structure of
the system. Supports inhibit unwanted side reactions (de)stabilizing important
intermediates. Sometimes the interaction with the support largely affects the
catalytic properties of the metal by changing both structural and electronic
properties of the NMNP and leading to an increment (or a reduction) of its catalytic
activity. This is commonly referred as strong metal-support interaction (SMSI).***?
The goal of the investigations in heterogeneous catalysis is on one side to discover
new active catalysts for the production of some valuable and on the other,
understand which relation exists between structural and electronic properties of
the real catalysts and its activity. Experiments are performed on model catalysts in
order to shed light on these points, and advanced computational techniques are
employed to study reactions in a “virtual” laboratory.

Model catalysts are normally composed by a support material, where well-
determined surfaces are grown (called single crystal), on which NMNPs are
deposited.

A variety of surface sensitive techniques are used to identify the structure of the
surface, presence of possible defects, height, size and shape of the NMNPs. On this
well-defined system, reactions are performed in ultra-high vacuum (UHV)
conditions, obtaining information about adsorption sites and energies, nature of
reaction intermediates, products and by-products. Information will be useful for
the “real world” catalysis elucidating the importance of a certain characteristic in
spite of others. However interpretation of experimental results is not easy, single
crystal growth is an expensive process and sometimes important information
cannot be obtained without using plenty of different instruments. For this reason it
is nowadays common to support experiments with computer simulations, where
the model catalyst is virtually recreated using several approximations to reproduce
as much as possible the real physical and chemical properties of the system. In this
way (within the error of the approximations used) it is possible to access easily to
information that are impossible to obtain experimentally and unravel experimental
controversies. Also, the always higher accuracy of the available computational
techniques allows predicting trends for the catalytic activity obtained screening a
number of similar but different chemical systems, with just a fraction of the money
needed to synthesize and study experimentally each model.

11
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A class of compounds subject of an intense screening in the last decade are
transition metal carbides (TMC), main subject of the next section and of this
manuscript.

1.3 Systems under study: Noble metals supported by early
Transition Metal Carbides (TMC)

The carbides of the early transition metals exhibit chemical and catalytic properties
that in many aspects are very similar to those of expensive noble metals.*® This new
important discovery comes from the landmark work of Levy and Boudart showing
that the catalytic properties of tungsten carbide (WC) are similar to those of Pd or
Pt in the conversion of n-pentane to iso-pentane.™ This discovery triggered plenty
of experimental and theoretical studies unrevealing their unique catalytic
properties. Indeed TMC can be considered a possible substituent of expensive
noble metals used in many industrial reactions not only for their low price but
because of their peculiar chemical properties that make their usage even more
convenient.

245 — ____ Papers published
i per year

210 —

175 —

140 —

105 —

70 —

35

0
I I I I
1990 1995 2000 2005 2010 2015

Figure 3: Papers published per year containing the word “transition metal carbide”. Data
from Web of Science.

12
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1.4 TMC catalysis

The catalytic properties of many possible TMC combinations have been extensively
and systematically studied in the last decade, with numerous experimental and
theoretical works (see Fig. 3). A number of important reactions like alcohol
conversion, hydrogenation of olefins and many others demonstrated that these

15,16,17

compounds are suitable for application in industrial processes. By way of

example it will be described some studies performed on several TMC.

Molecular oxygen adsorption and dissociation on the (001) surface of carbides of

I.*® These authors found two different

groups V-Vl was studied by Vifies et a
adsorption sites with similar adsorption energy where O, bridges two surface metal
(M) atoms or it is placed directly on top of a surface metal atom. Just on 6-MoC the
bridge adsorption between surface Mo is largely preferred. In the same work a
different preferred reaction paths leading to O, dissociation have been found
depending on the TMC considered (TM = Ti, Zr, Hf, V, Nb, Ta, Mo). On group IV TMC
at low temperatures O, dissociation can only occur via one mechanism from an M-
M bridge situation leading to a final state where O atoms are adsorbed on 3-fold
hollow sites neighboring two M and one C surface atoms (MMC). At high
temperatures the same products can be obtained beginning from an on top
molecular adsorption situation. For the rest of the carbides only paths from on-top
adsorption structures leading to products where oxygen atoms interact directly
with surface metals or occupying MMC sites are possible. The calculated rate
constants reveal that TMCs of groups IV and V are easy to oxidize whereas this is
especially difficult for 6-MoC.

Later on, Zhang et al."® focused on the surface chemistry of TiC and VC (100)
revealing differences and important kinetic effects introduced by one additional d
electron of the V atoms.

Another interesting reaction deeply investigated on clean TMC is the water gas shift
reaction (WGSR) that converts water and carbon monoxide to carbon dioxide and
molecular hydrogen. Rodriguez et al.”° studied the reaction on the clean (001)
surface of the Mo,C carbide C - and Mo - terminated, comparing with (111) Cu
surface which is an active catalyst for the reaction. Here again the interaction of the
catalyst with atomic oxygen is extremely important. In fact the activity for the clean
surfaces decreases in the order Cu > Mo,C (C terminated) > Mo,C (Mo terminated),
but this order is changed by adsorption of a rather small amount of oxygen (0.25
ML) produced by H,0 dissociation. In this case the C terminated, oxidized (001)

13
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surface of Mo,C become the most active one, where the same oxygen covered Mo
terminated surface is by far inert.

The same reaction has been later studied by Vifies et al.**

on the (001) surface of
titanium carbide. In this theoretical study several models have been used including
extended periodic systems as well as cluster models of various sizes. The catalytic
activity on the perfect (001) surface of TiC was found to be the highest, and
reaction was predicted through the carboxyl formation route, where (although with
a smaller extent) on TiC nanoparticles the reaction is expected to occur through the
redox mechanism. Reaction rates estimated for the reaction on TiC (001) infer that

this can be a potential substitute for catalysts commonly used at low-temperatures.

The interesting results obtained motivated another work exploring the dissociation
of H, on carbides of Ti, Zr, V, Mo with 1:1 stoichiometry and FCC structure. 2 |n the
same work was also compared the effect of the various TMC on a supported small
Au, cluster looking for the best catalyst for H, dissociation.(see below) Molecular
hydrogen interacts rather strongly with the clean TiC(001) and ZrC(001) substrate,
but quite weakly with VC(001) and &MoC(001). The first two carbides are the only
ones supposed to be active catalysts for hydrogenation. In fact atomic hydrogen
adsorption on surface carbon atoms of both VC and &MoC(001) causes an
important distortion of the surface with a subsequent protrusion of the surface
carbon out of the plane of the uppermost layer, and it is predicted to destabilize
the carbide. However on TiC, ZrC and 6-MoC(001) substrates molecular hydrogen
dissociation seems to be possible because of its exothermicity (about -0.4 eV). The
authors calculated a barrier of 0.80 eV for dissociation on ZrC (001) and of 0.52 eV
onTiC.

1.5 Reactivity of TMC supported noble metal nanoparticles

A new important field of research is the application of TMC as active supports for
23,24

noble metal nanoparticles (NMNPs).
This important effect derives from the perturbation of the electronic density of the
NMNPs interacting with the carbide support. In some cases the electron density is
redistributed around the adsorbed metal atoms obtaining a formal net charge
transfer from the substrate to the nanoparticle with subsequent polarization above
the noble metal atoms, crucial for the activation of organic and inorganic molecules
in contact with the metallic centers of the catalyst.> In some case it is observed the

14
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opposite, and adsorbed metal atoms get positively charged transferring electronic
density to the substrate.

Scanning tunneling microscopy (STM) images of Au, Cu, Ni and Pt adsorbed on
carbides of group IV and V showed that these noble metals form flat islands at very
low coverage and 3D shaped nanoparticles at medium and large coverage. DFT
calculations predicted the preferential formation of bonds between the noble
metal atoms and the surface carbon atoms. The significant electronic perturbation
together with the net charge transfer facilitates bonding of the NMNP with
electron-acceptor molecules allowing their activation.”® For example, Au/TiC(001)
and Cu/TiC(001)systems are able to cleave both S—O bonds of SO, at a temperature
as low as 150 K, displaying a reactivity much larger than that of TiC(001) or
extended surfaces of bulk copper and gold. Due to their higher activity in the first
or second S-O bond cleavage, a mixed Au-Cu catalyst supported on TiC (001) is
predicted to be an efficient DeSo, catalyst. The high activity depends by the Au-TiC
interaction showing high activity for hydrodesulfurization of thiophene in spite of
the very poor activity showed by either TiC (001) or Au (111), but also higher than
conventional Ni/MoS, catalysts. For this reason the extent of the electron density
polarization from the substrate to the NMNP can be used as a descriptor helping
estimating the catalytic activity of a generic NMNP/TMC system.?’

Molecular hydrogen dissociation is another important process that has numerous
applications in the chemical and petrochemical industry concerning both the
hydrogenation reactions and hydrogen carrying and storage.”® Recent studies
showed the interesting catalytic activity of several NMNP/TMC systems. Florez et
al.” studied molecular hydrogen dissociation by mean of periodic DFT calculations
firstly on the clean TiC (001) surface and then on gold clusters of 4, 9 and 13 atoms
supported by TiC(001). In fact in spite of the moderate activation barrier of 0.52 eV
calculated for the dissociation on the clean TiC (001), small gold cluster in contact
with the surface shows high catalytic activity, decreasing the activation barrier to
0.20 eV on the Au/TiC system and leading to the final value of 0.08 eV for the
smallest Au, cluster. The same reaction is found to be highly impeded on bigger
supported clusters like the Aui;, where the calculated energy barrier increases to
nearly 1 eV. On the clean substrate H, adsorbs molecularly with the molecule
center on top of a C atom and the H-H axis along the diagonal connecting C atoms.
Calculated adsorption energy is of -0.48 eV placing the system 0.42 eV above the
fully dissociated molecule. In the transition state one H atom continues interacting
with the surface carbon where the other diffuses to the nearest neighbor surface

15
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carbon leading to the product where both H are adsorbed on top. The energy
barrier of only 0.52 eV is consistent with experimental measurements that found
cleavage of the molecule upon adsorption on TiC(001) at room temperature. ***
On the most active Au,/TiC supported on TiC(001) reaction starts from the edge of
the cluster ending with one H atom on top of the same gold and another
transferred to a surface carbon atom. Although adsorption on gold atoms is slightly
endothermic, moderate H, pressure allows achieve the complete dissociation of
the molecule. The H atoms spill to the substrate creating a reservoir of atomic

hydrogen.

This work clearly confirmed Au/TiC system to be an excellent catalyst for several
reactions and highlights the effect of the substrates on gold nanoclusters. Gold
atoms not in direct contacts with the substrate show a much lower catalytic activity
that extremely increases when the support directly interacts with all the atoms of
the cluster as in the Au,/TiC(001) system. The extent of the polarization due to the
adsorption of the carbide rapidly drops down increasing the number of gold layers
in the cluster, fact that motivates deactivation.

The interesting results motivated another work exploring the effect of others TMC
(TM = Ti, Zr, V, Mo) substrates on the smallest Au, cluster looking for the best
catalyst for H, dissociation.> The activation barrier calculated largely decreases
compared to the reaction studied on the bare support, confirming Au,/TiC (001) as
the most active one (E,. = 0.08 eV), and VC as the less active (E,; = 0.36 eV) and the
reaction is predicted to be exothermic for all Au,/TMC systems. However only for
Au,/TiC and Au,/ZrC the atomic hydrogen produced is expected to diffuse to the
support.

In general, gold nanoparticles supported by TiC are more active if compared with
systems where Au nanoparticles are supported by metal oxides. An important
example is the low temperature oxidation of CO.

On metal-oxide supported gold nanoparticles, temperature around 300 K is needed
to break up the double bond of the oxygen molecule obtaining the atomic oxygen
that finally performs the oxidation. The Au/TiC system is able to dissociate O, and
oxidize CO to CO,. at temperatures below 200 K, and it has been shown that this
activity derive from the Au-TiC interaction, as the cleavage of the O-O bond on
unsupported nanoparticles as well as on gold adsorbed on MgO(100) or TiO,(110) is

33,34

quite difficult. Experiments supported by periodic DFT calculations showed that

the O, molecule breaks up easily when in contact with the supported small Au

16
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nanoparticle, and atomic oxygen diffuses on the support interacting strongly with
surface carbon atoms. Experiments also confirm again that highest activity is
reached for smaller flat nanoparticles adsorbed.*3®

All these results compose a picture that substantiates the metal-support interaction
as the key point of the incredible activity showed by the Au/TiC system. However
newer experiments have demonstrated that the interaction with other noble
metals is even stronger, with a resulting higher catalytic activity.

Figure 4: Minimum energy path for the hydrogenation of CO, on Au,/TiC(001) catalyst. From

left to right: reactants, transition state and product. Color key: purple (C), iceblue (Ti), red
(0), white (H), yellow (Au). Adapted from ref (37).

The CO, activation and hydrogenation is an important example. In fact it allows
reduce the amount of this green-house gas obtaining valuable chemicals like
methanol or higher alcohols. Experiments and theoretical calculations performed
by Vidal et al.®®** showed that methanol production is higher on Au/TiC system
than on Cu (111), an active catalyst commonly used as a benchmark, or on TiC(001).
The most surprising results concern methanol production on Cu/TiC catalysts that is
constantly about two orders of magnitude faster than on Au/TiC. For all metal (Au,
Cu and Ni) nanoparticle studied the production of CO by reverse water gas shift was
always higher than methanol. For Au and Cu no methane was detected, as
happened for Ni/TiC(001) system. For all three metals the catalytic activity largely
depends by the relative height of the nanoparticles, confirming higher activity for
the most dispersed two dimensional systems. The DFT calculation performed
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identified surface carboxyl as a key intermediate for CO formation, pointing to the
hydrogenation of CO or COOH as possible pathways for methanol synthesis.

1.6  Objectives and contents of this thesis

After the important discoveries about TMC reactivity and activation of noble metal
clusters delineated in the introduction the initial perspective of this thesis was to
perform a systematic study of the catalytic properties of small noble metal
nanoparticles supported by early transition metal carbides. The main idea was to
use such model systems for the hydrogenation of small inorganic molecules. This
has been done indeed when studying the adsorption of small molecules (CO, CO,,
H,) considering extended models for perfect surfaces but also finite models to
reproduce defective adsorption sites and their extended possible reaction network
on TiC and on several small supported clusters (Aus, Aug).

The results in agreement with the available experiments performed made us
confident about the theoretical methods employed extending our research also to
others materials like the less-investigated molybdenum carbides. In prospect of
study CO hydrogenation on supported noble metal nanoparticles a previous
necessary step was proposed and completed: gain detailed knowledge of the
interaction of single noble metal atoms with the perfect non polar (001) surface of
d-MoC. However there are other more stable molybdenum carbide phases whose
detailed surface structure is still controversial. For this reason we considered
interesting to predict possible morphologies for the C-terminated (001) surface of
the novel Mo,C catalyst. All original results produced in this thesis are reported in
chapters 3-7.

Chapter 1 reports this introduction: the generic sense of catalysis and
heterogeneous catalyzed processes, interesting examples of processes catalyzed by
TMC and NMNPs adsorbed on TMC and the objectives of this thesis.

Chapter 2 presents the computational methods used in the work reported in this
thesis. The main basis of Density Functional Theory is outlined together with its
application in condensed matter physics. Some central quantities concerning ab
initio modelling of extended system are used as examples to explain physical
concepts or their importance is highlighted when practically setting up the
calculations.
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Chapter 3 introduces the first results obtained studying the interaction of CO with
TiC(001), several small Au cluster models and few defects commonly found on the
clean carbide support. Defects were modelled using finite and extended models.
Results obtained for adsorption on the clean support for various coverage have
been used later to simulate CO thermal desorption profiles.

Chapter 4 and chapter 5 relay on the results obtained studying hydrogenation
reactions on the Au,/TIC (001) catalyst model. Chapter 4 focuses on the
investigation about the water gas shift reaction (WGSR) on the Au/TiC model
catalyst. In this case the minimum energy path for the reaction on the small Au,
model cluster supported on TiC(001) has been identified estimating the reaction
rates at industrial conditions. Chapter 5 concerns about the hydrogenation of CO
on the clean TiC(001) surface and on the small Au, cluster supported as well as on
small Au clusters supported on the bulk TiC(001) surface.

Chapter 6 describes a study of a new system, the 3-MoC. Here we focused on the
adsorption of several noble metal atoms on the non-polar (001) surface of the
material. The important distortion of the surface caused by the adsorption was
studied analyzing the effect on both electronic and geometrical structure.

Chapter 7 puts the basis for the study of the reactivity of another important TMC:
Mo,C. In this chapter the morphology of the C- terminated (001) surface has been
guessed. Thermodynamic, electronic and structural properties of several possible
terminations have been compared estimating the extent of each one for several
temperatures. Such study is a first necessary step for studying adsorption of
metallic clusters or reactivity on clean Mo,C (001). This work also extends the
concepts developed to estimate the stability of polar surfaces of semiconductors to
systems with an intermediate character like TMC.

The conclusions of this thesis are given in chapter 8.
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Chapter 2

Chapter 2

Methodology

This chapter is intended to a reader that is already aware about standard
computational techniques used in quantum chemistry, material modeling and
computational heterogeneous catalysis as well as the basis of solid state physics.
The theoretical basis of Density Functional Theory (DFT) will be sketched as
normally it is implemented when studying the electronic structure of solid state
systems. Some characteristic quantities always present in periodic calculations
will be presented highlighting why they are important and needed to justify the
computational set up chosen. The methodology here presented has been used
throughout the thesis. Complete and detailed expositions about the methods
commonly used in quantum chemistry can be found in ref (1) and ref (2). A deep
explanation of the theoretical foundation of Density Functional Theory as well
as its most common application and implementation can be found in ref (3) and
in ref (4). An introduction about the solid state can be found in ref (5) and ref
(6), whereas for a general discussion about electronic structure calculation in
solid state the reader can refer to ref (7).

2.1 Density functional calculations on extended systems:
Bulk material and surfaces.

Density functional theory (DFT) has been developed in the sixties as a viable
alternative to calculate the ground state properties of a multi-electronic system
without dealing explicitly with the multi-electronic wave function but just with a
quantity strictly related to it: the electronic density p(r). It has been shown by
Hohenberg and Kohn in their first theorem that the ground state electron
density of a system cannot be derived by two different nuclear (external)
potentials.® This means that there is one and only one non-degenerated ground
state electron density associated to a certain nuclear potential. The electron
density determines the external potential that affects the Hamiltonian, and
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consequently it determines also the wave function. In this way the total energy
of the system E, turns to be a functional of the electron density p(r).

Ey=E[p(r)] (1)

This theorem bases the application of DFT for the study of the electronic
structure of molecules and solids. However is with Hohenberg and Kohn’s
second theorem that DFT gains practical applicability for the study of chemical
systems.® It is an application of the variational principle for the electronic
density. The theorem states that the total energy E calculated using a trial
density pT(r) will be always higher than the total energy of the system with real
density p(r), Eo.

E[p" (r)]> Ey[p(r)] (2)

In principle any improved trial density more similar to the real electron density
p(r) lowers the total energy calculated. Up to this point DFT seems to be
extraordinary promising when treating systems with a huge number of electrons
like a molecule or the unitary cell of a solid.

Traditionally in the DFT framework the total energy is decomposed in several
contributions, each one functional of the electronic density p(r).
Such decomposition® is presented in eq. (3):

ELp()] =T, [p)]+{V, [o(r)]+

3
V(0] AV, o)+ AT[p(r)]} e
The first term in eq. (3), T.i[p(r)], refers to the kinetic energy of non-interacting
electrons whose density is equal to the real density of the system. The other
terms in curly brackets include all classical and non-classical electron - electron
and electron - nuclei interactions. The second and the third term, V,.[p(r)] and
Veelp(r)], are the attractive potential between electrons and nuclei, often
referred as “external potential”, and the classical electron-electron repulsion.
The physical nature of the electrons produces all differences between a
fictitious system of particles that interact classically and the real system. All
those differences are included in the last two terms of Eq (3). The first
contribution, AV, [p(r)], refers to all non-classical correction to the electron-
electron repulsion energy. The last term in Eq (3), AT[p(r)], corrects the kinetic
energy including the effect of the correlation of the electrons motion.*
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However problems arise when considering electrons mutual interactions and all
those effects that do not exist in the “classic” world well described by the first
three terms of eq. (3).*

The (older) Hartree — Fock (HF) mean field approximation® considers the physical
nature of electrons fulfilling anti-symmetry principle when constructing the
wave functions through Slater determinants. In this way the exchange
contribution to the total energy is naturally taken into account avoiding that
electrons with same spin get too close. However the monodeterminantal HF
picture completely neglects motion correlation treating each time all electrons
but one as a homogeneous diffuse charge density where the remaining electron
moves as a particle. For this reason post HF methods are needed for a good
description of the physics of the system. DFT includes all this non classical
guantities, AVee and AT in eq. (3), in some empirical functional of the density,
since the exact analytical form is unknown.

In the DFT approach the electronic density is expressed in term of occupied
orbitals y; as

pE)=2 1wl (4)

one can then define a set of monoelectronic equations that can be solved in a
self-consistent way, determining \|/i.9

hiKS‘//i =&Y, (3)
The term h*® in eq. (5) represents an effective monoelectronic Hamiltonian,
defined as
1 nuclei Z p(rl)
WS =—-=v? L ar'+ Vv, (6)
’ 2 ;M—Fkl IIr,»—r'l v
and finally
OE v [p(r)]
quf(r) = AT (7)

dp(r)

The term Exc in eq. (7) includes the last two terms in curly brackets in eq. (3).

2.2 Common DFT functionals

A careful chose of the type of exchange-correlation (XC) functional as well as its

flavor within each approximation has to be done when setting up some
electronic structure calculations. It was commented in the previous section that
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the exact analytical form to calculate the exchange and correlation contribution
to the total energy is unknown. For this reason nowadays the numerous
approximations available in commercial codes are commonly classified
according with the functional form used to extract information from the density
function.

The XC functional can depend on the value of the electron density in each point
of the space, or on the value of the density together with its first or second
derivatives. The first XC approximation is called Local Density Approximation,
(LDA), and explicitly supposes that the density changes slowly with the position
as it happens in a metallic system.'%*!

The second approximation, known as Gradient Generalized Approximation
(GGA), can better describe more complex systems like metal oxides or
carbides.’” Two of the most widely used implementation of this last
approximation, PW91 and PBE, are both available in VASP.**** It is worth to cite
the B3LYP as the most used hybrid functional which includes 20% of exact HF
exchange when calculating XC energy.” Another important approximation
known as DFT-DX was developed by S. Grimme.'® This approximation allows to
take into account for the dispersion forces adding an energetic term to the
standard DFT Hamiltonian. It uses a parameterized Lennard-Jones potential and
depends from just pairwise (X = 2), or also three-body (X = 3) interactions,
essential to describe non-covalent bond."

2.3 Important parameters and characteristic quantities

2.3.1 K points grid and basis set

Some other important parameters have to be converged when setting up
periodic electronic structure calculations of solids. These are the number of k
points used to evaluate the energy of the system and the size of the basis set
used to approximate the electronic states. Whenever these two important
parameters have been converged, then the XC functional can be varied looking
for the one that give the best value for some important bulk property, or some
other property of interest. Commonly the optimization of the cell parameter is
followed by the calculation of the bulk modulus (a quantity related to the
compressibility of the material) and used to determine which XC functional best
describe the system. Concepts like k point, direct and reciprocal lattices derive
from the treatment of solids as infinite perfect systems. Obviously this is a big
approximation of the physical reality of condensed matter but it gives the
possibility to study plenty of extended systems.

Periodic solid is composed by a repetition unit, the conventional cell, replicated
all over the (direct) space along some primitive vectors {a;} which respect the
translational symmetry. The translation operator commutes with the
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Hamiltonian of the system and for this reason it can be chosen a common set of
eigenvectors for the two operators. Such eigenstates refer to monoelectronic
states describing particles subjected to the attractive potential of the nuclei V(r)
that has the same periodicity of the unit cell. The periodic potential is defined
as:

Vir)=V(r+t). (8)

Here T is a generic vector multiple of the translational primitive vectors {a;}
defining the unitary cell in the direct space. Bloch theorem® (eq. (9)) defines a
general form for the wave function describing a system where electrons are
subjected to a periodic potential.

¥(r) = e™u(r) (9)

Where € is a plane wave and u(r) is a local function with the same periodicity
of the direct lattice. The wave function respects the periodicity fulfilling eq. (10):

¥ (r+1)="¥,, (r)e" (10)

it depends parametrically on the principal quantum number n but also on the
value of the wave vector k. Such wave vectors define the set of plane waves
with the same periodicity of the crystal, but k also represents the complete set
of vectors belonging to the reciprocal lattice (or k-space) associated to the direct
one formed by the atoms that compose the solid.

The reciprocal lattice is a mathematical tool used to simplify calculations and
concepts in solid state physics, based on the creation of a fictitious lattice
related to the real one. The set of primitive vectors {b;} defining the new lattice
are constructed from those of the direct one using eq. (11):

[blbzbs]T = 277[alazas]_l (11)

Translational symmetry in the direct lattice reduces any point of the crystal to a
point in the primitive direct cell, enclosed by the set of vectors {a;}. In the same
way any point in the reciprocal space is recovered in its primitive cell, the first
Brillouin zone defined by vectors {b;}.

Up to this point the number of possible k values within the first Brillouin zone is
infinite. Discretization occurs as a consequence of the application of the Born—
von Karman periodic boundary conditions (B-VK PBC). B-VK PBC assumes that an
infinite crystal is composed by a number of finite units containing a large
number of cells along each direction. Repeated units are delimited in a formal
way such that translation leads to the original point. In this sense the global
crystal can be thought as cyclic. Now the problem of an infinite perfect crystal is
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reduced to a finite crystal composed by a big number of conventional unit cell.
Applying boundary conditions the k points values allowed and so the number of
k points considered within the first Brillouin zone becomes finite because only
those that are symmetrically non-equivalent are taken into account. However
this number is proportional to the number of cells explicitly included in the
repeated units that have to be large.® A huge number of different k values is still
allowed, but and eigenvalues of the hamiltonian varies continuously allowing a
discrete sampling. Calculate the total energy of the system means averaging the
eigenvalues on all k and then summing on all n occupied states. Luckily the
eigenvalue associated to each Bloch wave function change slowly with the value
of k. This allows generate a thick enough k point grid and perform a discrete
sampling of the first Brillouin zone. Sufficient accurate sampling converge the
final energy value calculated respect to the number of k points (see Fig. 1).

Big unitary cell are associated to small Brillouin zone and just one central k-point

is normally enough. However the reader must be aware that it can be very
dangerous do not perform any test to check if the number of k points
considered is large enough.

Total energy (eV)
2
|

-79.2

-79.4

T | | \
3 5 7 9 11
Number of K-points

Figure 1: Total energy of the bulk unit cell of MoC calculated using different k point meshes. The
profile reports the total energy (eV) versus the number of k points used (along each direction)
when generating the 3 dimensional grid used to sample the first Brillouin zone.

Another important parameter to be converged carefully is the basis set of the
calculation.
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The Bloch wave function (or crystal orbital) can be expanded as a linear
combination of functions. All the results presented in this thesis have been
obtained using the code VASP'®*** that uses a plane wave basis set. Localized
atom centered basis set are normally of Gaussian type like those implemented
in the code CRYSTAL’ or numerical as used in the DMol3 code.?

Using plane wave basis set the local function in eq. (9) u(r) equals the unity and
the Bloch function can be expressed as:

Y™ =>a, e (11)

g

where {g} is the complete set of wave vectors of the plane waves that respect
the periodicity of the reciprocal lattice and {an4«} is the set of coefficients used
in the linear expansion. However this requirement is fulfilled by infinite plane
wave that would be included in the expansion. Practically it is truncated for a
large value of g for which the contribution of those plane waves is negligible,
Gt

2.3.2 Atomic Charges

Atomic charge is a concept normally used to support chemical intuition but
despite it is part of the standard chemical knowledge its definition is not unique.
In fact atomic charge is not a quantum observable because there is not a unique
way to define an atom within a molecule. For this reason several non-equivalent
definitions are accepted and used, and the final value of the atomic charge or
the charge transfer calculated is dependent from the method used.

In this thesis atomic charges have been calculated in agreement with the theory
of Atoms In Molecules (AIM) developed by Bader.”® Within this theory the
volume of space associated to each atom in a molecule is determined drawing
zero - flux 2-D surfaces in correspondence to the minima of the charge density
of the system around the atom considered. As normally the electron density of a
molecule presents cusps corresponding with the nuclei, minima result located in
the region between two atoms. Surfaces are then drowned perpendicular to the
straight line connecting two maxima in correspondence of the electron density
minimum. This divides the electron density shared between the two nuclei
leaving each atom on one side of the zero - flux surface. In this way a definition
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of the volume occupied by each atom within the molecule can be obtained using
just any electron density function suitable for the system without other
assumptions on the size or the shape of the atoms. The final value of the atomic
charge is obtained subtracting the integrated charge density within the volume
associated to each atom from the number of electrons of the neutral atom. The
integration gives the number of electrons contained in the Bader volume
associated with that atom. This task has been performed using a code
developed by the Henkelman group, ** freely available online.

On this topic plenty of literature is available from the personal work and

webpage of Bader or Henkelman groups.”>**

New interesting developments of
the theory and investigations about the more intimate consequences of this
theory can be found in the recent works of many groups around the world.
Between them here it is nice to remember the work done by the Quantum

Chemistry Group of the University of Oviedo.?
2.3.3 Density of States

Due to the periodicity of the crystal the discrete electronic structure of a
molecular system turns to be a continuum of energetic regions where there is
(or there is not) presence of quantum states available for occupation by
electrons. Important information about the behavior of the material can be
extracted from the analysis of its Density Of States (DOS). Such profile reports
the number of states present for a given binding energy allowing the
classification of the material as insulator or metal, depending of the presence
(or the absence) of electronic bands across the Fermi level E;. The presence of a
band-gap between unoccupied conducting states and occupied valence states
defines a material as insulator.

The transition metal carbides of the groups IV-VI, investigated in this thesis, are
metallic systems. This means that the last occupied state, the highest in energy
corresponding to the HOMO of a molecular system, belong to a band that is just
half-filled and that there are empty states available in the proximity of the Fermi
level. For instance Fig. 2 reports the DOS of the bulk &MoC system. The Fermi
energy is by definition equal to zero as it is the energy of the Fermi level, the last
occupied state of the system. For this reason the numerical value obtained for
the binding energy associated with the Fermi level is normally subtracted from
the effective binding energy calculated for every state. In this way the zero of
the energy corresponds again with the Fermi level.
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The presence of geometrical distortions, atom substitutions, vacancies or
interstitial atoms and adsorbates changes the electronic structure of the
material and its effect can be detected in the total DOS but also projecting the
total DOS. The projected total DOS (PDOS) gives the contribution of the states
associated to a region of the system or a certain atom to the total DOS. In this
way it is possible to determine the contribution, or the changes, on a set of
orbitals and also arriving to define the role of each spin orbital of the system.

[\
(=]

N
o] (=) \S] ~ O oo
| ] | | | |

Density (states/eV)

Figure 2: Total density of States (DOS) calculated for the &MoC bulk system. The metallic behavior
of this material derives from the presence of continuum DOS across E:.

2.4 Surface slab model

All the heterogeneous catalytic processes analyzed in this thesis were studied
using periodic surface models that allow a realistic description of the physical
nature of the surface considering the relaxation caused by the vacuum felt by
the outermost atomic layers of the material. Unfortunately the high level
guantum chemistry methods accessible on “molecular” scale cannot be used, so
DFT is the most common approximation adopted in this as well as many fields of
material science. The periodic surface model is created from the bulk material
adding some vacuum along the direction perpendicular to surface of interest.
This disrupts the translational symmetry within the crystal along that direction
and the system created is now infinite in 2 direction and finite along the third
one. The vacuum (commonly 10-12 A) has to be enough to avoid interaction
between replicas of the unit cell.
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The atomic layers included in the slab are not all physically identical because
those more external feel a different environment depending on the proximity of
the vacuum where those more internal should behave as bulk material. For this
reason the bottom layers of the slab are frozen in their optimized bulk positions
where the uppermost layers are relaxed together with the adsorbates (if
present). However the slab needs to be thick enough so the relaxed layers feel
the bulk-like effect of the internal atoms despite of the replicated vacuum under
the bottom of the slab. This should be checked considering a thick enough slab
and always increasing the number of relaxed layers checking the convergence
with the total energy. The profile of the total energy, function of the number of
relaxed layers, presents a plateau (see Fig. 3) when relaxing the most internal
layers. It ensures that those atoms do not feel the vacuum and are therefore
behaving like bulk material.

GO 8 layers surface model

Energy (eV)

(0]
©

2 3
N# Relaxed Layers

Figure 3: Total energy of the 8 layer slab model of the C-terminated (001) surface of Mo,C vs
number of relaxed layers. The perfect bulk-cut slab is reported as O relaxed layers. The lack of
energy change when relaxing the internal layers of the slab ensures that the center of the slab
behaves as the B-Mo,C bulk material.

2.5 Chemical reactions on surfaces

2.5.1 Adsorption and desorption processes
Adsorption of reactants on a surface is the very initial step for every
heterogeneous reaction. It is considered a non-activated process when
molecules pass from the gas phase to form an adsorbed phase on the surfaces
of the catalyst. Adsorption modifies both molecule and catalyst, activating some
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molecular bonds and modifying the surface structure. Important quantities
involved in adsorption processes are the adsorption energy E,q, the distortion
energy Eg: and the extent of the lateral interaction between adsorbates E

The adsorption energies reported in this manuscript has been always calculated
as:

Eads = E

surf+mol — “mol ~

Where Eg,pmor Stays for the total energy of the adsorbed system, E,, is the
energy of the relaxed gas phase molecule and E,, is the energy of the relaxed
slab. This means that a stronger bond between molecule and surface will
produce a more negative value of the E,ys calculated. The adsorption energy is a
qguantity that depends of the slab model used. Slab models that reproduce
different coverage can lead to a change in the calculated adsorption energy. The
adsorption process in fact is a balance between the attraction of the molecule
for the surface and the distortion of both molecule and surface from their
equilibrium geometry to the adsorbed geometry. The distortion of the surface
can be estimated calculating the distortion energy E 4

E Sdist = E

surf—mol ~

E

surf

(14)

E'4is is the difference between the energy of the slab frozen in the adsorbed
geometry but without the molecule E,.mo, and the energy of the relaxed naked
slab E,,s The distortion energy of the molecule, £y, can be considered
comparing the energy of the relaxed molecule in the gas phase, E,,,, and that of
the molecule frozen in the adsorbed geometry but without the surface, Eqor.surs-

E mdist = E

mol—surf

E (15)

mol
However other effects can influence the calculated adsorption energy. The
strength of the lateral interactions E” can be estimated calculating the
difference between the energy of one isolated gas phase molecule distorted as
in the adsorbed geometry respect to that of a lattice of n molecule frozen in the
adsorbed geometry at certain coverage 0 but without the underlying surface
Eemol—sw:f-

EY" =n(E,)-E’ (16)

mol—surf
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E" in eq. (16) can be positive or negative depending if the interaction between
adsorbates is repulsive or attractive, contributing to decrease or increase the
average E,4. However for sufficient low coverage lateral interactions between
adsorbates can be normally neglected.

2.5.2 Identification of reactants, transition states and

products.
The first step to study a reaction on a surface is to determine the adsorption and
the co- adsorption geometry of reactants. It should be done considering the
final equilibrium geometry of the products and guessing what seems to be the
most probable pathway connecting the two minima on the potential energy
surface (PES).

The minimum structures need to be characterized by vibrational analysis
calculating the harmonic frequencies associated to the normal modes of the
minimum geometry structures. In VASP it is done by explicit calculation of the
Hessian matrix of the portion of the system of interest, normally just the
adsorbates. Every atom considered in the vibrational analysis is moved along
each direction and then the forces generated are calculated. Once the 6 force
constants are calculated for each atom, the matrix is diagonalized obtaining the
harmonic force constant k; for the collective movement of all atoms along each
normal mode i of the system. Then the harmonic vibrational frequency for each
normal mode i can be calculated knowing the reduced mass (xin eq. (17)) of the
system.

1/2
fils™) = 1(1") (17)

2w\ u
All frequencies calculated for a minimum structure have to be real. Once the
most stable geometry for reactants and products have been determined and
both have been characterized as minimum by vibrational analysis one can
further identify the geometry of the transition state (TS) connecting the two

minima. This is the maximum along the minimum energy path (MEP) connecting
reactants and products.

Let’s consider a chemical reaction of the type:
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Reactants -> [TS]* -> Products

Identify the TS structure along the MEP is interesting because (1) the MEP will
be the mechanism of formation of the products with maximum statistical
weight, and (2) if we are considering a single step process or the reaction
limiting step then the reaction rate can be estimated comparing the energy of
the TS structure respect to the reactants. Several algorithms are now available

to determine the TS structures using VASP.?”?

All TS structures reported in this
thesis have been identified using the CI-NEB (Climbing Image Nudged Elastic
Band) algorithm.”® The CI-NEB algorithm creates and optimizes several
intermediate structures between reactants and products (often called images)
trying to minimize their energy. This will bring the images toward the minima on
the PES, falling down in correspondence of reactants or products. However
along the guessed MEP images are interconnected by “harmonic springs”. These
fictitious forces avoid images to fall down on one side or the other of the
energetic barrier. The Cl modification to the algorithm cancels the forces, due to
the springs, on the image higher in energy and inverts the sign of the forces
calculated due to the PES itself. In this way the image is pushed up, climbing the
energy barrier and maximizing its energy along the band formed by all images.
This method works fine although it is very expensive as each image is optimized
separately. For this reason the number of the relaxed atoms explicitly included
in the NEB has to be chosen carefully trying to minimize the degrees of freedom
of the system. Once a good candidate for the TS has been identified, vibrational
analysis will shed light on the real nature of structure. Just one imaginary
frequency associated to the normal mode connecting reactants and products,
whose wavenumber is higher than about 350 cm™, ensures that the structure
found is a real transition state. Now this structure has to be relaxed using a first
derivative algorithm (like the quasi — Newton algorithm implemented in VASP)*
and then the vibrational analysis should be performed again. Although the total
energy should be sensibly lower compared with that of the first TS guess, there
should be no important change on the frequencies calculated. This ensures the
goodness of the TS structure found.

For an extended discussion about TS search methods with VASP one can refer to
the Henkelman group website.?*
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Chapter 3

CO adsorption on TiC(001) and
Au/TiC(001)

The first part of this chapter reports the work done in collaboration between
our laboratory, the Quantum Chemistry Group of Universitat Rovira i Virgili, the
groups of the Institute of Theoretical and Computational Chemistry of the
Universitat de Barcelona (IQTC-UB), and the BNL (USA).* The second part has
been done in collaboration between our laboratory and the groups of IQTC-UB,
Departament de Quimica Inorganica & IN2UB (Universitat de Barcelona),
Surface Chemistry and Catalysis Group, Department of Chemistry (University of
Aberdeen).? In this case experiments were carried out at the Departament de
Quimica Inorganica & IN2UB of the Universitat de Barcelona.

This chapter concerns the adsorption of carbon monoxide on several models of
gold nanoparticle supported on TiC, on the extended (001) surface of the
support as well as on several types of defects commonly presents in rock-salt
structured materials. Carbon monoxide is a component of the synthetic gas, or
syngas, a mixture of CO and molecular hydrogen but containing also CO, and
H,O in various proportions, mainly produced by reaction of water with methane
(steam reforming).?

CO is also an important “probing molecule” commonly used in experiments and
a huge literature relating desorption temperature and vibrational frequency
shifts with adsorption sites and energies is available. However in some cases the
straightforward interpretation of such results leads to misinterpretations
corrected by theoretical evidences.”

The interaction with gold nanoparticle has been reproduced with 2 and 3
dimensional gold nanostructures adsorbed on TiC (001). Such computational
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models present low coordinated gold atoms and already demonstrated to
correctly predict the reactivity of Au/TiC system.’

It is necessary to investigate adsorption before studying any catalytic process
involving carbon monoxide because that is the very first step of every
heterogeneous reaction. The interaction of the probe molecule with the naked
support gains interest because of the intrinsic TMC catalytic properties already
detailed in the introduction of this thesis, and because it represents the majority
of the surface exposed to the gas phase reactants by any heterogeneous
catalysts.

Before to study the adsorption on the various models, some bulk and surface
properties including density of states, bulk modulus and other surface
characteristic quantities (interlayer rumpling, surface energy) were calculated,
comparing with previous theoretical calculations and experiments. This is
needed to optimise the computational set up used and ensure the goodness of
our models. Carbon monoxide adsorption was explored in all possible sites and
geometries on naked TiC and on each gold nanoparticle observing a preferential
interaction with the surface carbons of the clean substrate. The interaction of
CO with supported gold nanoparticle showed that adsorption is stronger on
lower coordinated gold atoms and, as expected, smaller nanoparticles bind
stronger than bigger ones. Upon adsorption on naked TiC (001) a strong C-C,
double bond is formed between the molecule and the exposed carbon causing
an important distortion of the surface. Such local structural features are
conserved when adsorbing CO on other surface models used to reproduce
different coverage. The increment of the adsorption energy (E.q) calculated
when lowering the coverage is strictly related with such distortion and can be
rationalised calculating the normalised distortion energy (Egistnorm) in each
supercell model.

The second part of this chapter further examines the interaction of CO with TiC
analysing some possible common defective adsorption sites on the surface by
mean of both extended and finite models as well as experiments performed on
TiC nanopowders. Adsorption on TiC (001) terraces studied with standard
periodic slab models reproduces substantially the results obtained for the
extended (001) surface in high coverage situation and CO experiments
moderate adsorption energy. The interaction strength increases dramatically for
low coordinated sites such edge or kink sites becoming irreversible. These
adsorption trends have also been reproduced using a small 64 atoms TiC
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nanocube and studying adsorption on facets, edge and corners. Temperature
programmed desorption (TPD) experiments performed after deposition at room
temperature let infer an adsorption energy in agreement with the DFT results
obtained for low coverage situations.

The literature about CO adsorption on TiC (001) and on small TiC clusters is
controversial and presents results that differs in both preferred adsorption site
and adsorption energy depending on the computational methodology, and
results obtained with extended slab models contradict previous theoretical

6,7,8

studies. The high adsorption energy calculated for low coverage situation

does not agree with values inferred from older TPD experiments.” For this
reason a simple kinetic Monte Carlo (kMC) model that explicitly consider the
interaction of the molecule with the surface, the effect of the neighbouring
occupied adsorption sites as well as surface diffusion was implemented adapting
the algorithm proposed by Meng et el.™® to simulate the TPD experiment, using
our calculated values of the adsorption energy on TiC (001) at various coverage
as starting parameters. Simulated TPD solves the apparent controversy agreeing
with both previous and new experimental results presented.
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ABSTRACT: The interaction of CO with the bare TiC(001)
surface and with Au,, (n = 4, 9, 13) nanoparticles supported on
the same TiC(001) surface has been studied by means of
periodic density functional theory (DFT) based calculations
with large supercell slab models. CO adsorption on the bare
TiC(001) surface involves the direct interaction with a C
surface atom and leads to a significant deformation of the
underlying substrate. Because of this feature the calculated
adsorption energy significantly varies with coverage. A compar-
ison with available experimental data shows that this system is
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more complex than expected. The interaction of CO with the Au nanoparticles involves preferential bonding to low coordinated Au
atoms. However, although the supported Au nanoparticles bind CO well, the adsorption energy of the molecule on the admetal is
somewhat smaller than the one corresponding to the naked carbide surface and decreases with increasing the particle size, which is
also consistent with a rather small red shift of the vibrational frequency of the adsorbed CO molecule that also decreased with
increasing particle size. Implications for the use of Au/TiC systems in catalytic reactions involving CO are also discussed.

B INTRODUCTION

The landmark studies of Haruta et al." and of Goodman et al.*
on the outstanding and unexpected catalytic properties of Au
nanoparticles supported on TiO, concerning CO oxidation at
low temperature have opened, no doubt, anew field** in catalysis
with possible applications in chemical reactions of industrial
interest.” Subsequent review articles have discussed different
phenomena that may be responsible for the remarkable perfor-
mance of Au nanocatalysts.>* Although there is evidence that in
some occasions the special reactivity of Au nanoparticles cannot
be attributed to support effects and arises mainly from the
presence of low coordinated sites®” and/or from a critical
nanoparticle size," ' there is also overwhelming evidence that
in many other cases the influence of the support is critical. In fact,
experiments by Flytzani—Stephanopoulos et al.'’ have shown
that Au (and also Pt) nanoparticles supported on ceria have
remarkable catalytic activity for the water gas shift reaction, a very
important process involved in the industrial production of
molecular hydrogen to be used in petroleum hydrodesulfurization
processes in the oil refineries or in the Bosch—Haber synthesis of
ammonia. The important role of the underlying oxide in deter-
mining the catalytic properties of supported Au nanoparticles has

A4 ACS Publications @ 2011 American Chemical Society

22495

been elegantly shown by Rodriguez et al." in their studies using
the idea of inverse catalyst which consists of ceria nanoparticles
supported on Au(111). Further evidence for the importance of
the support comes from the work of Serna and Corma'® showing
that Au nanoparticles supported on TiQO, are able to chemose-
lectively hydrogenate the nitro group in nitrostyrene in mild
conditions leaving the C=C bond intact, the reason being
precisely the role between the support and the supported Au
nanoparticle."* Corma et al. have also shown that the catalytic
activity of Au nanoparticles toward CO oxidation is enhanced
when supported on nanostructured ceria."*

From the discussion above it is clear that supports do affect the
catalytic activity of Au nanoparticles but also that most of the
supports used so far in these studies are mainly oxides, either
reducible, such as TiO, and CeO,, or nonreducible such as MgO
or Si0,. The carbides of the early transition metals exhibit
chemical and catalytic properties that in many aspects are very
similar to those of expensive noble metals.'® In fact, these
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carbides are able to catalyze the isomerization and hydrogenation
of olefins,'®'7 the synthesis of large hydrocarbons through the
Fischer—Tropsch process,'® the conversion of methane to
synthesis gas,"™'¥ and desulfurization reactions'®*"~** and have
attracted significant attention in the past few years in rather
different fields, from solid-state phys:icsq’O to surface science®! and
catalysis.> Furthermore, the surfaces of transition metal carbides
have been proposed as excellent supports for the dispersion of
metals.® > Therefore, it seems logical to attempt to simulta-
neously take advantage of the catalytic properties of transition
metal carbides and of Au nanoparticles. This possibility was
indeed explored by Ono and Roldan-Cuenya on their study of
the influence of interparticle interactions on the catalytic proper-
ties of Au nanoparticles toward low temperature CO oxidation.>®
Inspired by these authors, a long-term systematic joint theore-
tical and experimental investigation was launched aiming at
exploring the catalytic properties of metals supported on carbide
substrates. Starting from a study of the electronic structure and
properties of Au nanoparticles on TiC, which evidenced im-
portant Au <> C interactions,”” it has been shown that Au
nanoparticles supported on TiC have strong hydrodesulfurization
activity being able to dissociate SO, and thiophene33 “* and that
they are active at dissociating H, and O,.** That these systems
dissociate H, could be anticipated from previous work showing
that this reaction is facilitated at Au undercoordinated sites
without requiring a specific particle size.” This is not the case
for the dissociation of molecular oxygen where the Au particle
size is important. Hence, it is worth pointing out that Au/TiC
was the first system in which atomic oxygen was detected after
dissociation of O, on a Au nanoparticle.

In order to further investigate the nature of Au/TiC
interaction, we report here a theoretical study on the adsorp-
tion of CO on TiC(001) and on Au nanoparticles supported
on this single crystal surface. The focus on CO as an adsorbate
is motivated by the good chemical activity of Au/TiC for the
low temperature oxidation of CO.>® Furthermore, a detailed
knowledge of the interaction between CO on TiC(001) and
Au nanoparticles supported on TiC(001) constitutes a neces-
sary step before undertaking further study on the catalytic
activity of Au/TiC for the synthesis of alcohols or hydro-
carbons (Fischer—Tropsch) from CO hydrogenation. The
choice of CO is also justified from the numerous studies on
metal surfaces, and also on oxides, where the vibrational shift
of the CO stretching mode is used to extract information
about the extent of donation and back-donation bonding
mechanism and, hence, to infer the chemical nature of the
active sites.* Nevertheless, it is important to point out that
the use of CO as a probe molecule requires caution since the
conclusions arising from these studies are not as straightfor-
ward as one can learn from the classical literature. In fact, it is
important to notice that bonding mode assignments based on
the CO stretching frequency have led to misinterpretations as
shown via photoelectron diffraction experiments** and theo-
retical calculations. For instance, a careful analysis of the
interaction of CO on Pt(111) reveals that both donation
and back-donation mechanisms contribute to the observed
red shift.*® Likewise, a rather recent study of the interaction of
CO on Au atoms supported on MgO(001) thin films reveals
that the probe molecule can induce the observed effect; the
presence of CO induces significant chemical modifications
(charge state) of the supported gold species indicating that the
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Figure 1. Top view of the full supercell models used to represent the
Au,/TiC(001) and Aug/TiC(001) and top and side views of Au;s/
TiC(001). The color code used in the drawing is C (white), Ti (blue),
and Au (yellow).

interpretation of vibrational spectra of adsorbed CO requires
special care.*®

B SURFACE MODELS AND COMPUTATIONAL DETAILS

To investigate the CO adsorption on TiC(001) and on Au,
(= 4,9, 13) particles supported on TiC(001), suitable periodic
slab models have been constructed. The choice for this particular
size of supported particles is justified from the scanning tunneling
microscopy (STM) studies which clearly show that deposition of
asmall amount of Au on TiC(001) results in small and rather flat
clusters.® Note also that Au, only exhibits edge atoms whereas
Aug exhibits edge, side, and inner atoms and Au, 5 consists of two
atomic layers and, hence, represents a three-dimensional particle
(Figure 1). The slab models have been built using the lattice
parameter optimized for bulk TiC as reported in previous work.*7
Usually, the slab models contain four atomic layers, the two
outermost ones are completely allowed to relax whereas the
atoms in the two innermost atomic layers have been frozen at the
bulk positions to provide an adequate environment.

In the following discussion we will show that the case of CO
adsorption on the naked TiC(001) surface is more complex than
that imagined. In order to reach definitive conclusions several
unit cells of increasing size had to be used. Theseare 1 x 1,2 x 1,
2 % 2,3 % 3,and 4 x 4 and all have four atomic layers. In
addition, 1 x 1 unit cell slabs with up to eight layers—always
with the two innermost layers fixed—have been considered to
further check for convergence. These calculations show that four
atomic layers provide converged results, even for CO adsorption.
In the case of the 1 % 1 model there are two C and two Ti per
layer (16 atoms in total). The 2 x 1 supercell contains four C and
four Ti per layer (32 atoms in total) whereas in the 2 x 2,3 X 3,
and 4 x 4 the number of C and Ti atoms per layeris 8, 18, and 32
so that the total number of atoms is 64, 144, and 256, respec-
tively. Note that with the notation above, 1 % 1 corresponds in
reality to a(/2 x /2)/R45° unit cell if related to the minimum
possible primitive cell; the use of the present notation is just
for simplicity. To avoid misunderstanding, the total number of

dxdoi.org/10.1021/jp207770u |J. Phys. Chem. € 2011, 115, 22495-22504
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atoms in each cell has been given explicitly (see also Figure 1
and the corresponding drawings included in the Supporting
Information).

A single CO molecule has been added to the surface resulting
in a coverage ranging from 1/4 to of 1/64; this is one CO
molecule per 4 or 64 total surface atoms in the 1 x 1 or 4 x 4
supercells which corresponds to a CO coverage ranging from 1/2
to 1/32 if referred to the C surface atoms only. In order to
provide an additional internal check, calculations have been
carried out with four and nine CO molecules in the 2 x 2 and
3 x 3 supercells, respectively, which result in a 1/4 coverage as in
the 1 x 1 one. This strategy permits us to investigate possible
artifacts arising from the model. The atomic structure of the
adsorbed CO molecule has been obtained from total energy
minimization starting from different positions and orientations as
indicated below.

To adequately model the Au/TiC systems and to guarantee
that the supported nanoparticles are sufficiently separated from
their periodically repeated images, two different unit cells were
used. Thus, a 3 % 3 supercell has been used to represent the Au,
cluster supported on TiC (001), which is the same described
above concerning the interaction of CO with clean TiC(001),
whereas, following previous work,® a5 x § supercell has been
employed to represent both Aug and Au,; supported nanopar-
ticles. Thus, the resulting supercell models for the Au,/TiC
systems contain a total of 150 (72 C, 72 Ti, 4 Au plus CO) atoms
for Au,/TiC; 411 (200 C, 200 Ti, 9 Au plus CO) atoms for Aug/
TiC; and 415 (200 C, 200 Tj, 13 Au plus CO) atoms for Au,3/
TiC (see Figure 1). The Au atoms were initially placed above C
atoms following a previous theoretical study indicating that Au
atoms supported TiC(001) prefer to interact with this site* but,
in any case, the resulting structures were always obtained from
proper geometry optimizations.

As in the case of the clean surface, a single CO molecule was
added to each Au,/TiC slab model with different starting
geometries and orientation for the adsorbed CO molecule above
different possible surface sites. In each case, the atomic structure
was relaxed following energy minimization and once final
geometries were obtained a vibrational analysis has been carried
out to characterize final geometries as proper minimum energy
structures in the potential energy surface. Vibrational frequencies
have been obtained from explicit diagonalization of the corre-
sponding block of the Hessian matrix with the second derivatives
obtained from finite differences of analytical gradients as im-
plemented in VASP.

The energy values have been obtained from periodic density
functional calculations carried out using the PW91 form of
the exchange-correlation potential*” ~*' and by making use of
the VASP code.**** The electronic density is expanded in a plane
wave basis set and the effect of the atomic cores on the valence
states taken into account by the projector augmented wave
(PAW) method of Bléch®* as implemented by Kresse and
Joubert.*® It is worth recalling that this representation of the
core states allows one to obtain converged results with a cutoff
kinetic energy of 415 eV for the plane-wave basis set. In the
present work we used PAW potentials that leave explicitly the 3d*
electrons of Ti, the valence electrons of C and O, and the 54" 6s*
electrons of Au. For Ti these are more restrictive that those used
in previous work where the 3p° semicore electrons have been
explicitly included.*” Calculations of the TiC bulk modulus, a
property very sensitive to the description of the cores, were
carried out with the two sets of PAW differing by less than 1%
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indicating that the present choice is accurate enough. In order to
further test the influence of exchange-correlation potential and,
also, of the description of the atomic cores, additional calcula-
tions for the adsorption of CO on the bare TiC(001) surface
were carried out using the 1 x 1 and 2 x 2 supercell using
the RPBE functional® as implemented in VASP™>** and the same
RPBE functional as implemented in the DMol® code.”** In the
latter case, calculations are of all electron type and are carried out
using a numerical basis of double-{ quality with a local basis
cutoff of 5.5 A in real space which is comparable in accuracy to a
Gaussian 6-31G* basis set and all the electrons of C, O, and Ti
were included.

Numerical integration in the reciprocal space was carried out
using suitable Monkhorts—Pack®? grids of special k-points for
the different supercell models representing the clean TiC(001)
and Au,,/TiC models with and without CO. Thus, 7 x 7 x 1,5 x
7%x1,5% 5% 1,and3 x 3 x 1 grids were used forthe 1 3 1,2 x
1,2 x 2,and 3 % 3 models. Enough k-points (25 or 15) have
been selected for the DMol® calculations in which, to allow
additional degrees of freedom, the top three layers of the bulk
surfaces were allowed to relax along with the adsorbates, while
only the bottom layer was kept fixed at the calculated bulk lattice
positions. For the larger supercell models, for instance those
representing the Aug/TiC and Auy3/TiC sytems, calculations
have been carried out at the I' point. A conjugated gradient
algorithm with an energy criterion of 0.001 eV has been used for
the convergence in the total energy which allows us to obtain an
optimized structure with forces which are, in all cases, smaller
than 0.03 eV A",

The corresponding adsorption energies have been calcu-
lated as

Eus = Ecogads) — (Eco + Eaab)

where Eco(ads) is the energy of CO adsorbed either on the
clean TiC(001) surface or on the Au,/TiC(001) supported
cluster, Ecq is the calculated energy of the gas phase CO
molecule, and E,, is the energy of the clean TiC(001) surface
model or of the corresponding Au,/TiC(001) system; with
this definition, negative values of the adsorption energy
indicate that adsorbed CO is more stable than the separated
systems.

H ADSORPTION OF CO ON THE CLEAN TIC(001)
SURFACE

The study of CO adsorption on the clean TiC(001) is important
by itself but also provides the reference for the Au,/TiC systems
described in the next section. Contrarily to the case of CO on metal
surfaces for which the existing literature is quite large, the informa-
tion regarding the interaction of CO on TiC is very scarce.
Theoretically, two studies using cluster models were reported.*®!
Vines et al. also studied CO—TiC adsorption using slab models,
where CO adsorption is one of the elementary steps of the water gas
shift reaction on TiC(001).”” Experimentally, temperature pro-
grammed desorption (TPD) measurements by Didziulis et al*
show that CO desorbs from TiC(001) at 145 K indicating a rather
low adsorption energy which is estimated to be of the order of
—0.5 eV. The same authors® report high resolution electron energy
loss spectroscopy (HREELS) experiments and a CO vibrational
frequency of 2120 cm ™' revealing a small shift of 23 cm ™" which is

consistent with such small adsorption energy.

dxdoi.org/10.1021/jp207770u |J. Phys. Chem. € 2011, 115, 22495-22504
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Table 1. Calculated (PW91) Values for the CO Adsorption
Energy on TiC(001) (E,4, in eV) Predicted from Different
Supercell Surface Models and, Hence, Different Coverage®

TiC(001) no. of atoms
unit cell per layer E.as Egist Eatoooa
1x1 4 —0.79 0.56 0.56
—0.57"
-039"
2x1 8 —-1.07 1.12 0.56
—0.89°
-0.83"
2x2 16 —1.46 0.62 0.15
Ix3 36 —148 0.82 0.09
4 x4 64 —1.50 0.10 0.01

“RPBE/VASP. " RPBE/DMol’. € Ey, is the energy of the slab model at
the geometry corresponding to CO adsorption but without the CO at
the surface minus the energy of the naked slab, whereas Egisnomm is the
same as Eg;,, but normalized with respect to the number of atoms in the
surface layer and taking the 1 x 1 unit cell as reference. For comparison,
some RPBE values arising from calculations using a plane wave (VASP)
or numerical localized basis set (DMol®) are also reported.

In order to find out the most stable adsorption site and
geometry, many different possibilities were explored all leading
to the same final result, namely, a clear preference for the
adsorption on top of a surface C atom, with the CO oriented
with its C-end down and its molecular axis perpendicular to the
surface. It is worth pointing out that the existence of C=C=0
has been reported for Mo,C both experimentally® and
theoretically.”*® This indicates that the participation of the
surface C sites plays an essential role on the metal carbide
surface. Adsorption on top of a surface Ti atom, also with the
C-down orientation, gives a stable structure that is significantly
energetically above the most favored one except perhaps when
the coverage is larger than 1/2, a situation that will not be further
discussed. For the smallest 1 x 1 unit cell containing four atomic
layers, the PW91 computed adsorption energy (E,q4) is —0.79 eV,
in agreement with previous results using the same approach and
the same surface model.* Increasing the number of atomic layers
up to eight leads to E 4, = —0.75 eV, indicating that these results
converged with respect to the number of atomic layers in the slab
model. This value is slightly higher than the experimental value,
which is not surprising since the PW91 functional is known to
exaggerate bonding interactions. In fact, the RPBE functional
predicts B, = —0.57 eV (VASP) or —0.39 eV (DMol®). Both
values are in the correct direction indicating that the PW91 E 4,
values may be overestimated by 0.2 eV with uncertainties of the
same order of magnitude due to the different description of
atomic cores or of the valence electrons.

So far, all results seem to be consistent and in a nice agreement
with experiment. However, to our surprise, the E,4; value was
found to be significantly larger (—1.07 eV) when calculated from
the 2 > 1 unit cell and even larger (—1.46 eV) as predicted from
the calculations using the 2 x 2 supercell. Further enlarging the
supercell to 3 % 3 has no effect with E,4, = —1.47 eV, a value
which is not substantially modified when using the larger 4 x 4
unit cell which leads to E g, = —1.50 eV (Table 1). At first sight
one may argue that the larger supercell models situations with
much smaller CO coverages. However, the influence of CO
coverage in the TPD adsorption peak is rather small changing

46

Table 2. Selected Equilibrium Distances (in A) Corre-
sponding to CO Adsorption on TiC(001) As Predicted from
PW91 Density Functional Calculations Using Different Sur-

face Models”

TiC(001) Ti—Cous
unit cell c-0 Cot—CO Ti—Cont (naked)*
1x1 118 133 2.70 221
118 133" 273" 221°
119" 1.33" 2.61" Ry
2x1 119 1.32 2.88 2.20
118" 1.32° 2.88" 221"
1.19° 1.33" 2.79" 217"
2%2 119 1.32 2.54 222
3x3 119 1.32 2.66 222
4% 4 119 1.32 274 222
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“ RPBE/VASP. " RPBE/DMol’. ¢ The small differences in this value for
the PW91 calculations are mostly numerical and indicate error bars in
the geometry optimization, a more accurate value is 2.21 = 0.01 A. ¢ For
comparison, some RPBE values arising from calculations using a plane
wave (VASP) or numerical localized basis set (DMol?) are also reported.

from 145 K at the lowest exposure and increasing only to 139 K
with increasing exposure.”” Therefore, the calculated results for
the larger supercells seem to be in contradiction with experiment.
In order to further investigate the origin of this effect, calculations
have been carried out for the 2 x 1 cell using the RPBE
functional. The calculated RPBE E 4, values are slightly smaller
than the PW91 ones: —0.89 eV (VASP) and —0.83 eV (DMol*),
as expected, but still noticeably larger than the values obtained for
the 1 x 1 model using the same method. One may still attribute
the difference between the smallest 1 % 1 model and the larger
supercells to the different coverage. However, this is very unlikely
since the lateral interaction between CO adsorbed molecules is
less than 0.02 eV'in the 1 x 1 cell. This is not surprising since the
distance between adsorbed molecules is at least 3.5 A. To further
check the consistency of the models, we have carried out an
additional calculation for the 2 x 2 supercell with four adsorbed
CO molecules. In this way, the calculated PW91 E_ 4, becomes
—1.13 eV, which is rather larger than the value obtained with the
1 x 1 cell (—0.78 eV). Hence, the coverage effect is too large
since, as commented above, the TPD desorption changes with
coverage from 145 to 139 K only.

Obviously, the difference between the calculated values has to
have its origin in the optimized atomic structure. This is
comprehensible since the only difference between the calculation
for the 1 % 1 cell and the one with the 2 % 2 supercell and four
adsorbed CO molecules is the number of atoms which are
allowed to relax in an independent manner. To confirm this
hypothesis, we analyzed in detail the geometry of the adsorbed
molecule and of the underlying TiC slab model. The calculated
CO distance ranges from 1.18 A for the smallest cell to 1.19 A for
the largest one, and the distance from the substrate C directly
interacting with CO, hereafter referred to as Cy,; to the C atom
of CO varies between 1.33 A and 1.32 A (Table 2). Evidently, the
atomic structure of atomic CO cannot be the origin of the
difference in E g4 calculated for the different supercell models.
We are then left with the substrate atomic structure as only
possibility. A careful analysis confirms that this is the case. In fact,
the presence of CO strongly distorts the underlying TiC surface
up to the point that the distance between a Ti atom in the second

dxdoi.org/10.1021/jp207770u |J. Phys. Chem. € 2011, 115, 22495-22504
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layer and the C,satom changes from 2.21 =+ 0.02 A, depending
on the supercell, to 2.70 Aforthe 1 x 1 supercell with four
atomic layers (2.77 A when eight atomic layers are included) and
t02.66 A for the 3 x 3 supercell. Clearly, the interaction between
CO and the TiC surface is very strong, to the point that the C,,,¢
moves almost 0.5 A outward toward the vacuum. The distortion
is so large that a 1 x 1 cell cannot account for the necessary
relaxation, and this is why the calculated adsorption energy
changes with the supercell model.

From the previous discussion various firm conclusions can be
extracted. First, the CO interaction with the TiC(001) surface is
strong with a large deformation of the substrate which leads to a
periodicity different from the one corresponding to the CO
adlayer only. The adsorption energy is the result of the strong
bonding between the C,,; and the CO molecule, which with a
Cour—C distance of 1.32 A is in the range of double bonds
(Table 2). However, the energy gain from such strong interaction
is counteracted by the energy cost to deform the surface. For the
1 % 1 surface model, this energy cost is 0.56 eV (see Eg, in
Table 1) which almost explains the difference between the E,q,
results for the 1 % 1and 2 x 2 supercells. In the case of the 2 x 2
and larger cells, the energy cost is much smaller because the
additional degrees of freedom allow the system to relax suffi-
ciently. This is clear from the results in Table 1 for E g, especially
when normalized with respect to the number of atoms in the
surface (Egist,norm)- For the 3 x 3 and 4 x 4 surface models
Egistnorm i less than 0.1 eV. The result is a moderate value of the
adsorption energy of —1.5 eV at the PW91 level of theory or an
estimate of approximately —1.0 eV at the RPBE one. This is still
larger than the value inferred from TPD experiments, and the
origin of the difference can be attributed either to the limitations
of the present exchange-correlation potentials and, also, to
conditions of the single crystal sample used at the experiments.
For instance, it may well be that the experimental conditions for
the extremely low coverage represented in the 3 x 3 and 4 x 4
surface models is hardly achievable. While the final value of the
adsorption energy of CO on TiC may be regarded somehow as
an open issue, the nature of the interaction and the adsorbate
induced relaxation of the surface is out of question.

Let us now turn our attention to the vibrational frequency of
adsorbed CO. The PW91 calculated value for this property in the
gas phase is 2133 =8 cm 'atan equilibrium distance of 1.143 A.
The error bar of 8 cm ™' is the statistical error arising from the
calculation of the CO molecule in the different boxes used to
accommodate the different supercell models as is due to the use
of a slightly different number of plane waves in each case. Both
are close to the experimental values of 2169 cm ! for the
harmonic vibrational frequency and 1.128 A for the internuclear
equilibrium distance.®® Note that the experimental fundamental
frequency is 2143 cm ™" Experimental shifts consider the funda-
mental frequency as the reference whereas theoretical frequen-
cies and shifts in this article are always harmonic. For the 1 x 1
supercell we compute a value 0f 2083 cm ™' for the CO stretching
(2025 cm ™" from DMol calculations with the RPBE functional )
which represents a negative shift of —50 cm ™" on the harmonic
frequency (a larger shift of —97 em™! when considering the
DMol? result of free CO of 2128 cm ™ '). On the other hand,
HREELS experiments by Disziulis et al. find a loss at 2120 cm '
which is associated with the stretch of the adsorbed CO
molecule. This implies a shift of —23 cm ! with respect to the
fundamental frequency of CO (2143 cm™'). The signs of the
calculated and experimental shifts are equal and both are
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Table 3. Selected PW91 Vibrational Frequencies (cm ') for
CO Adsorbed on TiC(001) As Calculated from Different
Supercell Surface Models and, Hence, Different Coverage

TiC(001) unit cell

assignment 1x1 2x1 2x2 I 3 4 x4
stretching CO 2083 2045 2040 1999 2020
stretching C,,,—C 1120 1164 1191 1157 1173
CO frustrated trans. X 617 622 581 588 582
CO frustrated trans. Y 573 595 580 585 576
CO tilting XZ 446 448 439 389 405
CO tilting YZ 380 429 422 389 399

relatively small indicating that the CO molecule remains neutral.
This is in agreement with the covalent nature of the chemical
bond between C,,,s and CO inferred from the calculations. This
statement is also supported by the calculated value of the
Ciuf—C stretching mode which for the physically meaningful
supercells appears in the 11571191 cm ™ range depending on
the supercell (Table 3). This is quite large for a frustrated
translation and indicative of the formation of a strong covalent
bond. Interesting enough a feature at 1190 cm !is observed in
the HREELS experiments which has not been previously as-
signed and which one can tentatively assign to the Cy—C
stretching mode.

In the view of the differences in adsorption energy encoun-
tered with the different supercell models, we find it convenient to
investigate also the effect of the surface model on the vibrational
frequencies. Table 3 presents the values for several vibrational
modes which are related to CO motion. The first two modes
correspond to the CO and C,,,;—CO stretching frequencies
which are strongly coupled. The CO stretching frequency
decreases from 2083 cm™ ' for the 1 x 1 model to 2020 cm™'
for the largest 4 x 4 supercell with small variations depending on
the model. The Cg,—CO frequency varies in a similar way
indicating that the two modes are coupled; the calculated value
for the largest 4 x 4 unit cell is of 1170 em ', even doser to the
experimental feature commented above. The next four modes
correspond to frustrated translation of CO in direction parallel to
the surface and to the CO tilting modes. Note that these four low-
frequency modes form two groups of almost degenerate fre-
quencies as one would expect from symmetry. The degeneration
is not complete because of the small but noticeable surface
rumpling of the Ti and C atoms."”

The results presented so far indicate that the interaction of CO
on the bare TiC(001) is more complex than imagined from the
rather simple nature of the interacting systems. It is clear that
some specific results require validation from more sophisticated
calculations, perhaps using hybrid functionals, but also claim for
further experiments. Nevertheless, they also provide the refer-
ence framework for the main goal of the present paper which is
the study of the interaction of CO with Au nanoparticles
supported on TiC(001).

B ADSORPTION OF CO ON THE AUy (N =4, 9, 13)
NANOPARTICLES SUPPORTED ON TIC(001)

The electronic structure of small Au clusters supported on
TiC(001) is strongly polarized by the underlying substrate as
shown by previous work from both theory and experiment, the

dxdoi.org/10.1021/jp207770u |J. Phys. Chem. € 2011, 115, 22495-22504
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CO on Au,/TiC(001) Model @ Mode II @
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COon Au,/TiC(001)
- N " {

Figure 2. Possible adsorption modes for CO on the Auy (top panel) and Au, (bottom panel) particles supported on TiC(001). Note that the C-down
orientation is always favored and that only a portion of the unit cell is represented. The color code used in the drawing is C (white), Ti (blue), Au
(yellow), and O (red).

reason being the Au <> C interactions.’” This electron E\olariza- Table 4. Adsorption Energy (E,q4 in €V) of CO on the Au,/
tion leads to a very active catalyst for DeSOx reactions™*' and TiC(001) (n = 4,9, 13) Systems, C—O and Au—C Inter-
for the dissociation of molecular oxygen®™ and molecular nuclear Equilibrium Distances (d¢_o and dy, ¢ in A), and
hydrogen.”” Can the same phenomenon be responsible for the CO Stretching Frequency (cm ') for the Adsorption Modes

high chemical activity observed for Au/TiC during CO Corresponding to Enfrgy Minima with Respect to the CO
oxidation2*>*® To get further insight into the new chemistry of Degrees of Freedom

Au particles supported on TiC(001), we report here results for i - e =
the interaction of these supported particles with CO taken as a
probe molecule. The particles chosen to carry out this study are Au,/TiC (n=4)
representative of those found in experiments carried out in mode 1 130 1.16 1.95 2087
ultrahigh vacuum using a TiC(001) single crystal where Au wode T 092 118 216 1905
coverage is of the order of 0.1 ML.*® Several adsorption modes i )
have been tried with the CO molecules starting from C down, O WG (Rp
down, or atoms parallel to the surface. The C-down orientation is mecel =075 115 1.98 2115
always preferred although not all initial structures correspond to fidell “
distinct stable structures on the potential energy surface. More- mode 111 ~10 il 190 2110
over, since the nanoparticles supported on TiC(001) are small mode IV —0.89 117 220 1939
enough to be considered the so-called scalable regime, where mode V —0.66 118 2.11 1933
properties scale linearly with particle size, it is not surprising that Au/TiC (n = 13)
each particle presents some particularities although some com- sl —0.68 L16 1.99 2090
mon trends are also apparent. _ _ mode 11 —0.60 117 217 1979

For the su}?ported Au, particle, two final stable geometries S —060 119 Sii6 1783
are found which correspond to CO on top of a Au atom with

mode IV —0.96 117 2.02 1987

the CO bond perpendicular to the surface in a C-down
orientation (mode I in Figure 2) and a similar one with CO
on a bridge site between two Au atoms (mode II in Figure 2).
The on-top site leads to the most stable interaction with a CO stretching frequency of 2087 cm ™' (Table 4). The CO
calculated value of —1.30 eV for the adsorption energy and a molecule binds quite well to the supported Au cluster, but the

“This initial mode does not lead to a stable different structure.

22500 dx.doi.org/10.1021/jp207770u |J. Phys. Chem. € 2011, 115, 22495-22504
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CO on Au;3/TiC(001)

Model || Modell

Mode III

Mode IV

Figure 3. Final optimized adsorption modes for CO on the Auy; particle supported on TiC(001), for a more detailed description see text. Note that the
C-down orientation is always favored. The color code used in the drawing is C (white), Ti (blue), Au (yellow), and O (red).

adsorption energy is somewhat smaller than that seen for low
coverages of CO on the bare TiC(001) substrate (—1.50 eV).
The difference in adsorption energies implies that CO will
always bind preferentially to the TiC substrate, but CO
molecules that hit the Au clusters may remain bound to the
admetal and react with other adsorbates. In Table 4, the
vibrational frequency of CO is only slightly perturbed upon
interaction with Au (except for the bridge site where, as
expected, it decreases considerably) with a red shift of
—46 cm ' with respect to the calculated value for gas phase
CO. This is even smaller than the one calculated for CO on
bare TiC(001), as expected from the weaker interaction with
the supported particle than with bare substrate. In order to
confirm this interpretation, we computed the adsorption
energy of CO above various C sites of the TiC(001) surface
model containing already a supported Au, particle. The most
stable site corresponds to the interaction of CO directly with a
C atom opposite to a Au atom of the Au, particle. At this site,
the calculated value of the adsorption energy is of —1.43 eV
which is in agreement with the value calculated for the larger
supercells as discussed in the previous section (see also
Table 1). Further, at this site, the CO stretching frequency
becomes 2022 cm ™~ which is also in agreement with the values
obtained for the large TiC supercell slab models (Table 3).
These results confirm the accuracy of the results presented on
the previous section for CO on bare TiC(001) and, in
addition, indicate that the CO/TiC(001) interaction is
very local.

Let us now focus on the interaction of CO with the Aug
supported particle. The Aug supported particle is also a planar
structure consisting of just one layer of Au atoms. However, at
variance of Auy, it exhibits more potential adsorption sites, three
different atop sites are possible with CO above a Au atom either
in the particle center, side or corner with Au—Au coordination
numbers of 4, 3, and 2, respectively, and various bridge sites are

also possible (Figure 2). Results in Table 4 indicate that the most
stable site for CO on Aug supported on TiC(001) is also an atop
site. However, this does not correspond to the less coordinated
Au atom (mode II in Figure 2) but to the Au atom at one side of
the square formed by the nine Au atoms. The interaction with the
least coordinated Au atoms is probably stronger but it does also
introduce a significant distortion of the supported particle
displacing the Au atoms from the underlying C atoms. On the
other hand, the interaction of CO on top of one Au atom as in
mode Il preserves the particle most favorable interaction with the
substrate and results in the larger value of the adsorption energy
(—1.10 eV). Note that this, although substantial, is again smaller
than the value corresponding to CO on the bare TiC surface,
indicating that a large population of CO will cover the supported
Au particle only at sufficiently large coverages of the admolecule.
At this site the calculated value for the CO stretching frequency is
0f 2110 cm ' resulting in a shift of —23 cm ™' with respect to gas
phase CO. To further check the consistency of this result, we also
calculated the adsorption energy of CO on top of a C atom of the
TiC substrate of the model containing the supported Aug
nanoparticle. The calculated value of —1.37 €V is again close
enough to the one corresponding to the naked surface indicating
that the presence of the supported Au particle does not affect the
electronic structure and bonding capability of the available free C
sites of the TiC(001) surface.

Finally, we consider the larger Au,; supported particles
consisting of two atomic layers with nine and four atoms,
respectively. In this case, several initial geometries have been
explored and four different stable structures were found after
geometry optimization. These are schematically displayed in
Figure 3 and the relevant geometrical data reported in Table 4.
The preferred adsorption mode for CO (mode I in Figure 3)
involves also direct interaction between CO an a Au atom on the
topmost layer of the Au;; nanoparticle. For this adsorption
mode, the adsorption energy is somewhat smaller than for the

22501 dx.doi.org/10.1021/jp207770u |J. Phys. Chem. € 2011, 115, 22495-22504
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supported Auy and Aug particles and, consequently, smaller than
the one corresponding to the adsorption of CO on the bare
TiC(001) surface or on C sites of the TiC(001) surface covered
by Au nanoparticles. The other stable structures involve the
interaction of CO with a bridge site formed by two Au atoms on
the topmost layer (mode II in Figure 3) or the direct interaction
between CO and a Au atom (modes Il and IV in Figure 3) which
are equivalent to mode Il and mode II for Aug on TiC. Thus, the
only difference between mode Il and mode IV for CO on
Au, 3/ TiC is the number of Au atoms surrounding the Au atoms
directly bonded to CO. In mode III, this Au atom has two nearest
neighbor Au atoms in the bottom Au layer and two in the
topmost layer, whereas in mode IV the Au atom bonded to CO
has also two nearest neighbor Au atoms in the bottom Au layer
but only one in the topmost layer. Overall, the largest CO
adsorption energies in Table 4 increase following the sequence:
Auys (—0.96 eV) < Aug (—1.10 eV) < Auy (—1.3 eV). All the
supported Au clusters are able to bind the CO molecule well.

Note also that the calculated vibrational frequency for CO
adsorbed at the most stable sites of the different Au nanoparticles
is of the same order but does not directly correlate with the
adsorption energy. Thus, the information that one can extract
from HREELS or similar experiments on these systems is at most
the coordination mede, although there is some indication of
back-donation from the Au nanoparticle to CO, as expected from
the polarization of the Au nanoparticle induced by the underlying
substrate.””

From the discussion above we can extract some firm conclu-
sions regarding the interaction of CO with Au nanoparticles
supported on TiC(001). In all cases, the most stable situation
involves the direct bonding between the CO molecule and one
Au atom. However, the adsorption energy decreases with
increasing the particle size. Moreover, the adsorption energy is
always smaller than the one corresponding to CO on the bare
TiC(001) surface, even when supported Au particles are present.
Furthermore, the interaction of CO on the Au nanoparticles
supported on TiC(001) induces a relatively small red shift of the
CO stretching frequency which, in this way, does not provide any
essential new information. In this work, the focus on CO as
an adsorbate was motivated by the good chemical activity of
Au/TiC for the low temperature oxidation of carbon monoxide
(CO + 050, — C0,).3**® On the basis of this work and
our previous study for the adsorption of O, on Au/TiC(001), we
can conclude that the good performance of the Au/TiC system in
CO oxidation is probably a direct consequence of the ability that
the Au in contact with TiC has to activate the O, molecule rather
than binding CO. On the supported Au clusters, there is a large
weakening of the O—Q bonds and the CO for the formation of
CO; may come from TiC or from the Au on the surface. Since the
supported Au interacts well with O, and CO, it can perform all
the steps for the CO oxidation reaction by itself, with the TiC
having an indirect participation through the modification of the
electronic properties of gold.

H SUMMARY AND CONCLUSIONS

The interaction of CO with the bare TiC(001) surface and
with Au, (n = 4, 9, 13) nanoparticles supported on the same
TiC(001) surface has been studied by means of periodic
density functional theory based calculations using slab super-
cell models containing up to 400 atoms. The particles used are
representative of those existing upon evaporation of Au atoms
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on TiC(001) under ultrahigh-vacuum conditions as revealed
by STM e:n(perimem:s.3B

For the adsorption of CO on the bare TiC(001) surface,
several models have been used which all reveal that bonding of
CO to this surface at relatively low coverage involves the direct
interaction with the CO molecule and a C surface (C,,,s) atom,
the interaction with Ti sites being less favorable unless the CO
coverage becomes very large although this situation has not been
investigated in detail. The CO interaction directly above C sites
involves a significantly large deformation of the underlying
surface with the distance between C,,,r and the Ti atoms in the
second layer being rather elongated from the corresponding
distance for the naked surface. This deformation causes the
calculated adsorption energy to vary significantly with the unit
cell model used to represent the surface. The reason is that large
supercell models contain a larger number of structural degrees of
freedom and thus allow for a better relaxation of the substrate in
response to the presence of the adsorbate. The calculated
adsorption energy at coverage of C sites of 50% is of roughly
0.5—0.8 eV depending on the exchange-correlation potential,
atomic core description, and basis set. While this value is in
agreement with the one extracted from the TPD experiments of
Didziulis et al.,(’o one must realize that it arises from a unit cell
which is too small to appropriately describe the adsorbate
induced relaxation. In fact, for models representing a coverage
of the C sites of 1/8 (0.125 ML) or lower, the calculated
adsorption energy increases up to 1.0—1.4 eV, again depending
on the computational method. The reason for this enhancement
of E,q is the possibility to better accommodate the substrate
relaxation induced by the presence of CO and cannot be
attributed to a decrease on the lateral interaction between
adsorbed CO molecules. This larger value of E.4 is not in
agreement with experiment and it is difficult to assess the origin
of the difference although it is consistently predicted by different
DFT methods. Hence, it is unlikely that the situation here is
similar to the case of CO on MgO(001) where standard
exchange-correlation functionals do not provide a satisfactory
description, even qualitatively (see for instance ref 67 and
references therein). Therefore, the difference between theory
and experiment may be due to difficulties in the experiment to
reach such low coverage conditions or to some problems with the
TiC(001) single crystal sample. This point of view is supported
with the calculation of the stretching vibrational frequency of CO
which predicts a shift which is larger than the one measured in the
experiments and increases with decreasing coverage. Clearly, the
interaction of CO with TiC(001) appears to be more complex
than anticipated from naive arguments and claims for further
work from both theory and experiment.

The interaction of CO with the Au nanoparticles exhibits
some common features and, also, well-defined trends. Thus, the
CO molecule always prefers to interact directly with a Au atom
and, in general, low coordinated Au atoms are preferred, as
expected. However, the interaction of CO with the supported Au
particles is somewhat weaker than with the naked surface and
decreases with increasing the particle size. This is also consistent
with a rather small red shift of the vibrational frequency of the
adsorbed CO molecule that also decreased with increasing the
particle size. These findings have strong implications for the use
of Au/TiC systems in catalytic reactions involving CO. In fact,
the present results strongly suggest that any additional reaction
with the adsorbed CO, such as its direct hydrogenation, is
certainly a very likely possibility. Au/TiC is to be expected to

dxdoi.org/10.1021/jp207770u |J. Phys. Chem. € 2011, 115, 22495-22504
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act as a bifunctional catalyst, where Au provides a source of
atomic H which further reacts with CO adsorbed on the TiC
terraces. Additional work is necessary to investigate these
possibilities and is being currently carried out in our laboratories.
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Figure S1.- The different 4 layer slab models used to represent TiC(001)
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Figure S2.- Different 1x1 slab models used to represent TiC(001)

Side-view

Top-view

4-Layers 6-Layers 8-Layers

55



UNIVERSITAT ROVIRA I VIRGILI

TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES
THEORETICAL MODELLING.

Gian Giacomo Asara

piposit Legal: T 1924€@-@dsorption on TiC (001) and Au/TiC (001)

Figure S3.- The different 4 layer slab models used to study the interaction of CO with the
TiC(001) surface.
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Figure S4.- The slab models used to study the influence of the number of atomic layers on the
adsorption of CO on TiC(001).
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Figure S5.- The different 4 layer slab models used to study the influence of coverage effects on

the adsorption of CO on TiC(001).
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Figure S6.- The different layer slab models used to represent Au,, Aug and Auy; nanoparticles

supported on TiC(001)
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The adsorption of CO at regular and defect sites of the TiC surface has been studied by means of density functional
theory (DFT) based calculations and temperature programmed desorption experiments (TPD) using TiC
nanopowders as substrate whose structure and morphology have been characterized by X-ray diffraction and
both scanning and transmission electron microscopy. The results obtained confirm previous work indicating
that the nature of CO adsorption is strongly dependent on surface coverage due to the distortion of the surface

;Eé’woms'. induced by the adsorbate and also allows one to resolve an apparent anomaly between theory and experiment.
co Calculations and TPD experiments show that CO adsorption strength at regular sites is rather large with an
DFT adsorption energy of about — 1.60 eV which is consistent with a main desorption peak at ~500 K. Adsorption

Low coordinated sites at low coordinated sites is even stronger and in agreement with desorption experiments indicating that CO

continues to desorb at temperatures as high as 600 K.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The study of the catalytic properties of transition metal carbides
(TMC) was triggered by the landmark work of Levy and Boudart [1]
who showed that the catalytic properties of this class of materials
are similar to those of Pd or Pt in the conversion of n-pentane to iso-
pentane, This stemmed a huge and increasing interest for TMC beyond
their already known distinctive features and technologically interesting
properties including hardness, [2] high melting point [3] and high elec-
trical and thermal conductivity, which have been investigated both
experimentally and theoretically for a long time [1-7]. Nowadays,
these properties are usually associated with the different bonding
modes that all together contribute to the TMC mixed nature: hard as
covalent solids, with the high melting point typical of ionic materials
and that show high conductivity like metallic systems. Recent work
has demonstrated a non-zero density of states at the Fermi level for
various TMCs [6,7].

The recent potential use as catalysts, together with the lower prices
compared to noble metals has resulted in a huge number of studies that
have explored the catalytic activity of extended surfaces and lower-
dimensional structures experimentally [2-4,8-11] and theoretically
[3,12,13]. The study of model reactions such as the water gas shift

* Corresponding author.
E-mail address: francesc.illas@ub.edu (F. Illas).

0039-6028/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.5usc.2013.03.005
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(WGS) reaction, [9,10] CO hydrogenation, [11] or typical “Pt-like” reac-
tions such as ®-CH bond activation in 2-butene or cyclohexene dehy-
drogenation to form benzene, [3] or hydrocarbon hydroisomerisation
[14] are only some of the extensive studies performed over the last
forty years [2-4]. More recent work demonstrates promising catalytic
application of these materials as non-inert supports for noble metals
nanoparticles [15-24]. All of these studies implied the explicit explora-
tion of the possible adsorption sites with small probe molecules on
various surfaces.

Among the different TMC, TiC has often been chosen to study the
catalytic properties of the non-polar (001) surface quite extensively
[3,25-31]. Note also that TiC(001) is by far the most stable surface and
exposes an equal number of Ti and C atoms, allowing Ti-C adsorp-
tion sites which, for instance, are commonly preferred by oxygen-
containing small organic moieties [29]. Many of the previous works
present theoretical and experimental results of the interaction of
small probe molecules such as water, ammonia, carbon monoxide, or
small alcohols like methanol [23-29], although in some systems the
situation is not completely understood; this is precisely the case of CO
adsorption as we will illustrate in detail below.

Didziulis et al. [25] presented the first detailed experimental study
of this system which was complemented with theoretical results from
cluster model calculations. The first data available on the interaction
of CO on TiC(001) was obtained by combined experimental tech-
niques including temperature programmed desorption (TPD), high
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resolution electron energy loss spectroscopy (HREELS), X-ray and UV
photoelectron spectroscopy (XPS and UPS, respectively). Density func-
tional theory (DFT) based calculations within the B3LYP exchange-
correlation potential on a small TisCs and TigCy cluster model
representing the TiC(001) surface were also employed to further inter-
pret the experimental data [25]. The TPD results for CO on TiC(001)
showed that CO desorbs at rather low temperatures with a sharp peak
at 145 K. Increasing the CO exposure slightly decreased this to 139 K
showing that lateral interactions were not significant. From the stan-
dard Redhead analysis, the estimated adsorption energy was around
—0.5 eV, indicating that the interaction of CO with the TiC(001) surface
was weak. HREELS spectra supported this point of view since the
change in the CO stretching frequency with respect to the gas phase
value was only —23 cm ', consistent with a small change in the CO
bond strength and inferring only a weak interaction with the surface.
Interestingly, a peak at 1190 cm ™' was also observed which the
authors assigned to a different adsorption mode. This peak decreased
in intensity with increasing temperature while a peak corresponding
to Ti=0 vibrations increased in intensity. This is explained by the CO
adsorbed on this different site reacting with the surface to form Ti=0
species. The XPS and UPS data were unable to assign the adsorption
site but the cluster model DFT calculations strongly favoured a model
where CO was adsorbed on top of Ti with CO on top of C being
unfavoured. The authors interpreted these results as bonding arising
only from forward donation of electrons from the CO molecule to
the surface with the effective 3d° orbital of Ti not being able to
back-donate. These conclusions were supported by further DFT calcula-
tions using different codes, which predicted weak adsorption with the
site being CO on Ti [27-29].

The above discussion seems to provide a coherent picture of the
adsorption of CO on TiC(001). Nevertheless, one must point out that
the conclusions extracted from these initial DFT calculations have to
be regarded with caution since the cluster model used to represent
the TiC(001) surface is extremely small and, more importantly, the
geometry of the cluster model and of the CO molecule are fixed and
the perpendicular distance from the C atom of CO to either surface C
and Ti atoms varied. In fact, subsequent work based on more elaborated
density functional calculations and using more realistic surface models
which fully take into account surface relaxation resulted in different
predictions for the most stable adsorption site. Moreover, depending
on the surface model selected, one may find that CO adsorption
C-down on top of the metal atom is the preferred binding mode or
that the most stable interaction involves C-down on top of the carbon
atom [13,25,32-34]. The difference of surface model and, most impor-
tantly, the different number of structural degrees of freedom in some
of these studies has important consequences in the calculated adsorp-
tion energy value. Thus, it goes from nearly —0.5 eV for CO on top of
Ti [25,32,33], which is interpreted as arising from the weak interaction
of the CO 11 orbital with the empty d-orbital of the formally d° metal,
to —0.8 eV for CO on top of C'* at high coverage and, finally, to almost
—1.5 eV at very low coverage implying a much stronger, covalent
double C-C bond and a concomitant deformation of the underlying
substrate. Therefore, one must conclude that the choice of surface
model and of surface coverage is more important than earlier antic-
ipated. This is confirmed by the study by Viies et al. [13] on the
mechanism of the WGS reaction over TiC(001), TigCy; “metcar” and
Ti;4Cy3 nanocrystal. These authors found different results for the most
favoured CO adsorption site depending on the model. For both
bare TiC(001) and Ti4C;3, which have similar coordination of Ti and
C atoms, the most favourable site for CO adsorption was always on a
C atom while for the TigC,, metcar, the Ti site was preferred.

In a recent study, Asara et al. [34] analysed CO adsorption on
TiC(001) in detail as a function of coverage and surprisingly found
that this has indeed an unexpected strong effect on the adsorption ener-
gy. The study used periodic DFT calculations modelling the slab with
supercells of different size and considered different functionals and

codes. Again it was shown that a site on a C atom was the most
favourable for CO adsorption while the Ti site was stable but lower in ad-
sorption energy. For small unit cells representing a rather large coverage,
the energy of adsorption was in line with the experimental one reported
in the earlier work of Didziulis [25,26]. However, for larger supercells
representing a much lower CO coverage, the adsorption energy calcu-
lated converged to around —1.5eV. These calculations have also
shown that upon CO adsorption the TiC(001) surface distorts consider-
ably with the surface C atom which is directly interacting with CO
being pulled outwards by 0.5 A from the equilibrium value for the
naked surface. This also explains the results from the high coverage
situation where the surface unit cell cannot relax sufficiently to compen-
sate for the surface distortion. The bond distance calculated between the
surface carbon atom and the CO carbon was 1.3 A, a value consistent with
expectation for C=C double bonds. This ketenylidene C=C=0 surface
species has also been calculated as a favourable adsorption site for Mo,C
and indeed there is experimental evidence to support its existence
[35,36].

The discussion above demonstrates how complex the interaction of
such a simple molecule with titanium carbide is, justifying a further,
more rigorous investigation to confirm unambiguously the identity of
the adsorption site and the adsorption energy on the clean TiC(001)
surface and a rather systematic exploration of the behaviour of the
probe molecule in the presence of defects studied using various compu-
tational techniques. In this work we present a systematic theoretical
study which takes into account adsorption sites located at terrace and
step edges and also provide new experimental data that allows one to
reach a rather complete picture of the adsorption of CO on TiC.

2. Material models and computational details

The adsorption of CO on the non-polar (001) surface of TiC was
modelled using the repeated slab approach, thus using periodic models
possessing 4 atomic layers. Supercells of different size were employed
to account for coverage effects and further investigate surface relaxa-
tion, which was previously found to be crucial [34]. The smallest unit
cell corresponds to a (V2 x v2)/R45° of the primitive one having 2 C
and 2 Ti atoms in each atomic layer. For simplicity, this (v2 x ¥/2)/
R45° unit cell will be further referred to as 1 x 1. Following this nota-
tion we can describe the larger supercellsas2 x 1,2 x 2and 3 x 3 hav-
ing 32, 64 and 144 atoms, respectively. Fig. 1 displays these slab models
including CO at the most stable site in the optimum geometry which is
described in the next section. In all cases, slabs repeated in the perpen-
dicular direction to the surface were interleaved by a vacuum width
(10 A) sufficient to prevent interactions between the repeating slabs.
A CO molecule was added to these slabs resulting in coverage values
of 1/4, 1/8, 1/16 and 1/36 with respect to the total number of exposed
surface atoms. The CO molecule was initially added on top of a C surface
terrace atom of the TiC(001) surface as this has been shown to be the
most stable site [18,36]. Nevertheless, the Ti terrace site of the
TiC(001) surface was also investigated using the same 1 x 1, 2 x 1,
2 x 2 and 3 x 3 slab models for comparison. The top two slab layers
as well as the CO molecule were allowed to relax during structural
optimization and the adsorption energy (E,qs) was then calculated as:

Eud.s = Eslub.vCD 7ECU7Esnab

where E,qs is the adsorption energy, Eq.p + co is the energy of the
slab with adsorbed CO, E¢o is the energy of an isolated CO molecule
calculated within the same sized unit cell and Eq,p, is the energy of the
clean, optimised surface slab model. For each slab the distortion energy
was also calculated, as defined as:

Eqise = Estap—co—Estap

where Eg;; is the distortion energy, Eq,y, is the energy of the clean slab
and Egab-co is the energy of the system at the optimised geometry
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Fig. 1. Schematic representation of the optimised structure of CO chemisorbed on the different supercells used to model TiC(001) and representing surface coverage values of 1/4, 1/8,

1/16 and 1/36, respectively. The C-0 and C-C,,s distances in A are also reported.

when CO was adsorbed. This provides an indication of adsorbate in-
duced relaxation which, in turn, is related to bond strength.

In order to investigate adsorption at defect sites, two models have
been considered. The first model starts with a 3 x 3 supercell but then
half of the surface atoms are removed thus leading to a monoatomic
step with Ti and C sites and of the two topmost atomic layers, the two
exposed terraces, have been allowed to relax. It is worth noting that
monoatomic steps have been detected experimentally on TiC (001)
|22]. CO adsorption was studied on carbon (as displayed in Fig.2a) and
titanium atoms on the edge site. Kink sites were also modelled by re-
moving either one Ti or one C atom from the step edge (Fig. 2b). The sec-
ond model corresponds to a 64 atom cluster model with a cubic shape
exposing terrace, edge and corner sites. This cube has a side length of
6.1 A and although it is too small to represent TiC nanoparticles, it is a
useful model to study the effect of low coordinated sites on the trends
towards CO adsorption. It is worth pointing out that this TiC cubic cluster
may constitute an alternative model of the larger cubes observed by
scanning electron microscopy (SEM) for TiC nanopowder [37]. During
calculations, all atoms in the cube were allowed to relax. In this model
system, CO was adsorbed on both Ti and C sites and the most relevant
structures are shown in Fig. 3.

The energy for the surface models described above and for CO ad-
sorption on the latter has been obtained from density functional theory
(DFT) based calculations using the PW91 form of the generalised gradi-
ent approximation (GCA) for the exchange correlation potentials
[38,39]. Core electrons were treated using the projected augmented
wave (PAW) method of Bléch [40,41] and as implemented by Kresse
and Joubert [42]. This procedure keeps the accuracy of an all electron
calculation with the computational efficiency of pseudopotentials. The
electron density was approximated using a plane wave basis set with
a kinetic energy cut-off of 415 eV. This has already been demonstrated
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to be sufficient for this system [6,34]. Numerical integration in recipro-
cal space was carried out using a Monkhorst-Pack grid [43] of 10 x
10 x 1 k-points for every supercell model. For the model with steps, a
k-point mesh of 10 x 10 x 1 was also used with a vacuum width of
10 A between images whereas calculations for the nanocube model
were carried out at the gamma point. All structures were optimised
thereby ensuring that forces on all relaxed atoms were smaller than
10~* eV/A and the resulting optimised geometries were characterized
as minima on the potential energy surface calculating the associated
normal modes by explicit diagonalization of the corresponding block
of the Hessian matrix which, as usual, is obtained from finite difference
of analytic gradients.

Using the computational setup described above, the TiC calculated
equilibrium cell parameter and bulk modulus were 4336 A and
266 GPa, respectively, both close to the experimental values (4328 A
and 233 GPa) [34] thus ensuring sufficient accuracy for the present pur-
poses. All DFT calculations were carried out by using the VASP code
[44,45].

Finally, in order to better interpret some of the results which will be
presented in the forthcoming sections, a series of kinetic Monte Carlo
simulations of the desorption process have been carried out which
required implementing and testing the algorithm proposed by Meng
and Weinberg [46].

3. Experimental details

Growing TiC single crystals is far from being a simple task and this
may be considered as the main reason for the rather limited literature
on adsorption on specific well defined surfaces of this material. In
general, the synthesis of TiC single crystals and of other transition
metal carbides may be accomplished through the Verneuil technique,
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Fig. 2. Schematic representation of the optimised structure of CO chemisorbed at the step edge (a) and kink (b) slab models. Note that the final structure for CO at the kink site also
involves a C atom at the step edge. The C-0 and C-C,,,; distances in A are also reported. The inset in the top right defines the relevant bond and dihedral angles.

[47,48] the “floating zone” method [49-51] and, in particular, the
improved technique by Otani et al,, [53] precipitation from molten
metals, [54] and chemical vapor deposition [55-58]. Unfortunately,
all of these techniques involve very high temperatures, which are
needed to melt and recrystallize the metal carbides, and also involve
the manipulation of volatile and highly reactive reagents. Recently, a
technique to obtain TiC single crystals using a lower temperature
preparation in molten salts has been proposed [59] although this
still requires temperatures of ~1200 K and leads only to nanofibers
and not to more extended nanocrystals with well-defined surfaces.
Therefore, it was decided to carry out experiments using commercial
TiC powder (nanopowder, Sigma Aldrich, 95%, <200 nm). Although
experiments on nanopowder cannot be compared directly to our cal-
culations on the TiC(001) crystal face, it is important that this surface
is by far the most stable one and, hence, expected to be the most
abundant in the powder. The choice for TiC nanopowder is justified
also by the extensive work on MgO where it has been shown that
single crystals, thin films supported on metals and nanopowders in
the form of MgO smokes, exhibit a behaviour which is closer than
anticipated. In fact, there is compelling evidence that varying the surface
area of the substrate barely affects local properties such as adsorption
energies and vibrational frequencies, the case of CO adsorption on
MgO being a clear paradigm [60]. Therefore, it is expected that the

experiments on the TiC powder should provide a useful guide for com-
parison between our new results and past work, especially as there is
only one previous experimental study [25].

The characterisation of TiC nanopowder was accomplished using
different techniques. The X-ray powder diffraction (XRD) pattern was
obtained with a Panalytical X'Pert PRO MPD a1 (r = 240 mm) diffrac-
tometer using Cu-Ko radiation (A = 1.5406 A). The analysis was car-
ried out with X'Pert High Score Plus and WinPlotr software. Scanning
electron microscopy (SEM) micrographs were obtained using a ZEISS
Auriga instrument equipped with an Oxford energy dispersive X-ray
(EDX) analyzer. Transmission electron microscopy (TEM) analysis
was carried out with a Jeol 2000 instrument. X-ray photoelectron
spectra (XPS) of as received TiC sample was acquired with a PHI 5500
Multitechnique System instrument ( Physical Electronics) with amono-
chromatic X-ray source (Al Ko line of 1486.6 eV), placed perpendicular
to the analyzer axis and calibrated using the 3d5/2 line of Ag. During
data acquisition the pressure was kept at 4 x 10~ mbar. The Ti 2p, C
1s and Cl 2p atomic levels were analysed. The analysis and fitting of
the spectra were made with Multipak V8.2B program from ULVAC-PHL.
The presence of chlorine as impurity was detected (atomic surface con-
centration below 1%). Temperature programmed desorption (TPD) of
CO was carried out on TiC nanopowder using a Micrometrics Autochem
112920 instrument equipped with a thermal conductivity detector (TCD).
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Fig. 3. Schematic representation of the optimised structure of CO chemisorbed on the different sites of the 64 cluster atoms model representing a TiC nanoparticle. The C-0, C-Cy ¢

and C-Ti distances in A are also reported.

The sample (around 0.05 g) was placed into a U-shaped reactor for anal-
ysis. The sample was pretreated in a He flow at 363 K for 15 min, and
then the temperature was decreased at 298 K and the sample exposed
to a CO flow (10% v/v CO in He, 10 mL/min). After baseline stabilisation,
the temperature was increased at 10 K/min up to 973 K and measure-
ments recorded every 0.1 s.

4. Results and discussion
4.1. Density functional theory based calculations

In order to compare different situations involving different coverage
and different types of adsorption sites, it was convenient to re-examine
previous work concerning CO adsorption at the terrace sites of TiC(001)
|34] using more stringent convergence thresholds for energy and geom-
etry optimization. Hence, the adsorption of CO on the TiC(001) surface
was first studied using the smaller 1 x 1 supercell and considering both
C and Ti sites. The corresponding density functional calculations predict
that the C-down adsorption mode with the C- O axis perpendicular to
the surface plane is the most favoured and, at the same time, confirm
previous results on the preferred adsorption mode above the C surface
site with an adsorption energy of —0.83 eV [34]. The interaction
energy calculated for the adsorption on the Ti site is somewhat smaller
(—0.61 eV) and also in agreement with previous theoretical results
obtained by density functional calculation on a rather small surface
cluster model. The latter was indeed claimed to be in agreement with
available experimental results [25]. An important structural feature of
the chemisorption bond between CO and the C atom of the TiC(001)
surface (hereafter referred to as Cy) is the C— Cqr distance of 1.33 A
which is reminiscent of a (=C double bond. This strong interaction
weakens the C—0 bond as indicated from the calculated bond length,
that passes from 1.14 A of the gas phase molecule to 1.18 A upon
adsorption on TiC(001). The strong C—Cgs interaction also causes a
significant distortion of the surface, pulling the surface carbon atom
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by 0.31 A into the vacuum which contrasts with the smaller outward
distortion of the surface when CO interacts directly above a surface Ti
atoms with a rather long C-Ti distance (2.19 A) and with a small
change in the C-0 bond distance, calculated as 1.15 A. The results
regarding equilibrium geometry of adsorbed CO above C and Ti sites to-
gether with the adsorption energy values reported above clearly point
to Csurr as the preferred adsorption site. Also, taking into account the
well-known tendency of the GGA functionals to exaggerate adsorption
energies [61], our rather high coverage (1/4 of the exposed surface
atoms are covered) results for adsorption on both metal and carbon
sites seem to agree perfectly with the experimental value that can be
extracted from the TPD experiments of Didziulis et al. |25]. Neverthe-
less, the discussion in Section 1 already indicated that the situation is
more complex than initially envisaged.

Let us now move from the 1 x 1 to the 2 x 1 surface model
adsorbing CO on one of the four distinct exposed surface carbon
atoms, which implies further reduction of the CO coverage from 0.25
to 0.125. This reduction in coverage produces an increase in the calcu-
lated CO adsorption energy at the C site, which becomes —1.21 eV, a
surprising result which was also reported in previous work [34], but it
barely affects the CO adsorption energy at the Ti site which only changes
by 0.01 eV. In both cases, the geometry of the adsorbed CO molecule
does not change from that predicted by the previous set of calculations
modelling a CO coverage of 0.25. For the Csite, the C— 0 and C— Cyysdis-
tancesare 1.18 Aand 1.32 A, respectively, almost identical to the values
reported above for higher coverage. A similar situation is found when
considering the Ti site (Table 1). The reason for the larger adsorption
energy at the C site has been attributed to a more efficient manner of
relaxing the surface distortion produced by CO adsorption due to the
higher number of degrees of freedom available [34]. This produces a
smaller distortion with a decrease of the distance from the titanium of
the second layer to Cy,s of 2.45 A instead of 2.53 A as corresponding
to the situation modelled by the 1 x 1 supercell. Thus, the larger
2 x 1 supercell can relax more, and better describes the distortion due
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Table 1

Adsorption (E,q4s) and distortion (Ey;s) energies calculated for CO adsorbed on C and Ti
sites of TiC(001) surface models. Edist-norm cOrresponds to normalising Eqis with respect
to the number of 1 x 1 units in the supercell. All values are in eV.

Slab Site Eaas Eqist Eqist-norm/eV
1x1 c —0.83 033 0.33
Ti —061 0.03 0.03
2x1 C —121 037 0.19
Ti —062 -
2x2 C —~1.56 055 0.14
Ti —063 -
3x3 c —1.58 0.64 0.07
Ti —063 -

to the adsorption of CO. For this reason, distortion energies (normalised
with respect to the number of atoms in the 1 x 1 supercell contained
in the model) calculated for both 1 x 1 and 2 x 1 systems are 0.33
and 0.19 eV, respectively. Interestingly, adsorption at the Ti site does
not produce this surface deformation and, hence, the corresponding
adsorption energy does not vary substantially with coverage.

Further decreasing the coverage to 0.0625, which corresponds to a
single CO molecule per 16 surface atoms in the 2 x 2 supercell, and to
0.027 (one CO molecule per 36 surface atoms using a 3 x 3 supercell)
produces a significant increase in the adsorption energy from —1.21 eV
for the coverage represented by the 2 x 1 supercell to —1.56 and
—1.58 eV for the situations corresponding to the 2 x 2 and 3 x 3
unit cells, respectively. In these latter cases, the atomic structure of
the adsorbate remains almost unchanged when compared to the
2 x 1 model. A decrease in the Ti— Cq,sdistance can be seen with re-
spect to the value corresponding to the 1 x 1 model, which becomes
2,49 A for the 2 x 2 supercell and 2.46 A in the case of the 3 x 3. For
these models, the calculated normalised distortion energy decreases
to 0.14 and 0.07 eV, respectively, demonstrating that the situation
with very low CO coverage permits an improved manner of relaxing
the structural distortion caused by CO adsorption. Tables 1 and 2
summarize the calculated values for adsorption and distortion ener-
gies as well as the corresponding structural parameters.

To further investigate the effect of CO coverage, vibrational frequen-
cies for the normal modes related to adsorbed CO were calculated for
the different situations represented by each of the supercells consid-
ered. It is worth pointing out that the analysis of adsorption modes
based on CO stretching frequency have been proven to lead to errone-
ous interpretations in other cases [62], and that even the interpretation
of the vibrational shift of the internal CO mode is far from being
straightforward [63,64]. Here, we use this property to provide further
insights on the nature of the CO/TiC interaction and to compare with
available experimental data. The results of the different sets of frequen-
cy calculations are reported in Table 3. For the interaction of CO with the
Cquif Site, the present density functional calculations predicts a decrease
of 36 cm ™" in the C— O stretching frequency when moving from a cov-
erage of 0.25 as represented by the 1 x 1 structure to that represented
by the 2 x 2 surface model, and then converging to a value of
2025 cm ! calculated for the 3 x 3 supercell. This normal mode is

Table 2

Bond lengths (A) calculated for CO adsorbed on TiC(001): dc.o refers to the distance
between the C and the O atom of the adsorbate; d, is the distance between the C
atom of adsorbed CO and the surface atom (C or Ti) below it; d;, corresponds to the
distance between the surface atom below the CO molecule and the one in the second
layer; d12_naked 15 as dy3 but for the naked surface.

Slab Site deo d, dyz (dy2 naked)
1x1 C 118 133 253 (222)
1x1 Ti 115 219 2.16 (2.09)
2x1 C 118 132 245 (2.22)
2x2 C 119 132 249 (217)
3Ix3 (o 1.19 132 2.46 (2.22)

Table 3

Calculated vibrational frequencies (cm ') for the stretching (vco) and frustrated
translation (v, ) modes of the adsorbed CO molecule, The calculated vo value for gas
phase CO is 2131 + 1 cm™ ' where the error bar originates from the use of the differ-
ent supercells for the calculation of the isolated molecule.

Slab T 2x1 2x2 3x3

Veo 2069 (C site) 2050 2033 2025
2061 (Ti site)

v, 1118 (C site) 1154 177 1174
379 (Ti site)

clearly coupled to the Cgu—C stretch. The latter mode increases from
1118 cm ' calculated in the 1 x 1 to 1177 cm ™" in the 2 x 2, leading
to an almost (within numerical accuracy) converged value of
1174 cm ™! for the 3 x 3 supercell representing a low coverage situa-
tion. Accordingly, one can tentatively relate this low coverage C,,—C
stretching vibrational frequency to the feature found experimentally
by Didziulis et al. [25] at 1190 cm ™' and not previously assigned.

It is important to stress that all results discussed so far are in perfect
agreement with the previous picture outlined in the work of Asara et al.
|34], even if the previously reported adsorption energies were some-
what smaller and the trends discussed above in both bond distances
and vibrational frequencies were not clearly identified due to the rather
flat potential energy surface which requires much more stringent
convergence criteria to obtain a definitive answer. Consequently, the
present numerically more accurate study avoids ambiguities and
provides a solid background for the next step which is the study of
role of the various defects on the (001) surface by means of slab and
nanocube models (Figs. 2a, b, 3).

The adsorption of CO on a low coordinated C site was modelled first
using a slab model built in such a way that it enables one to explore
one-atom-step and kink defects. The first type of defect is modelled
by removing some atoms in the first layer of the TiC(001) slab, as indi-
cated in the previous section, and the latter obtained by subtracting a
titanium or carbon atom, respectively from the step. On both models
the high accuracy of the calculations together with the extremely
tight criterion for the geometry optimization, already tested for adsorp-
tion of diatomic molecules on other stepped surfaces [65], allowed us to
locate a proper minimum energy structure in such a complex system
which was further characterized by frequency analysis. The present cal-
culations predict large values of the adsorption energy on both defects:
—2.87 eV for the molecule adsorbed at the step site and —3.45 eV on
the kink site which indicate that this would lead to an irreversible ad-
sorption. As a result of this strong interaction, there is an even larger
distortion of the substrate compared to the case of the C terrace site
with concomitant calculated distortion energy values of 0.63 eV for
the step and 0.47 eV for the kink site. In the step model, such strong ad-
sorption causes the C-0 bond length of the adsorbate to reach 19 A
with a further decreased Cye,,~CO distance of 1.31 A. The CO axis does
not remain perpendicular to the surface, but instead tilts towards the
bottom of the atomic step and forms an angle of 152° with the upper
terrace. On an even lower-coordinated carbon atom, as in the kink
model, the calculations starting with CO adsorbed on a edge carbon
and tilted to the bottom of the step, as in the case of the step site,
converged to a different situation with the CO axis leaning towards
the vacancy left by the titanium atom and no stable adsorption modes
involving other carbon atoms of the kink were found. Structural param-
eters for this optimised geometry agree well with those of the edge
site modelled with the step, and with what was previously discussed
for adsorption on the terrace, showing a C-0 distance of 1.19 A and a
distance between the carbon of the edge and the carbon of the adsor-
bate of 1.30 A. Results are summarized in Table 4.

To further explore the effect of relaxation of the underlying
substrate on the adsorption on low coordinated carbon and titanium
atoms, a relatively small stoichiometric nanocube consisting of
64 atoms was constructed and its atomic structure optimised. This
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Table 4

Adsorption (E,q;) and distortion (Eg;;) energy values and structural parameters calcu-
lated for CO interacting with Ti and C atoms of step and at kink sites, respectively. The
latter is obtained by subtracting either a C (adsorption on Ti) or a Ti atom (adserption
on C) from the step model. dc_q refers to the distance between the C and the O atom of
the adsorbate and d, is the distance between the C atom of adsorbed CO and the
underlying closest surface atom. The « and (3 bond and dihedral angles are as defined
in the inset of Fig. 2; the former represent the angle between atoms labelled 2, 3 and 4
and the latter the dihedral angle between the atoms labelled as 1, 2, 3 and 4. Distances
are in A, angles in degrees and energy values in eV.

Site Eads Eaist dco do () B(%)
Step c —2.87 063 1.19 131 152 145
Ti —0.84 0.01 1.15 220 139 146
Kink C —3.45 047 1.19 130 120 66
Ti —2.30 030 128 221 94 47

nanostructure contains adsorption on various possible low coordinated
sites already considered using the slab model but it also permits one to
explore additional adsorption sites. It is worth noting that a TiC cubic
nanostructure has been hypothesized [66], theoretically confirmed
[67] and also experimentally seen in the present electron microscopy
(SEM and TEM) study for experiments on TiC nanopowder (see
Section 4.2). On the nanocube model we obtained results that are in
qualitative agreement with the predictions from the slab models for
both the clean and stepped surface. Here, in addition to terrace sites at
the nanocluster faces, adsorption on both edge and corner C and Ti
sites was also explored. Face sites give results comparable to the values
obtained forthe 1 x 1 supercells. Adsorption at the C site gives the most
stable structure, with a calculated adsorption energy of — 0.65 eV,and a
distortion energy of 0.49 eV, whereas adsorption above Ti site leads to a
somewhat less stable structure with an adsorption energy of — 0.60 eV.
In this case, the distortion energy with respect to the relaxed nanocube
was only 0.05 eV indicating that adsorption at the Ti site is less sensitive
to CO coverage. This is not surprising since the TiC nanocluster does not
have the structural rigidity imposed by the crystal lattice. The present
calculations also show that CO adsorbs very strongly at C edge and
corner sites with energies of —2.1 and —3.1 eV, respectively. This is
close to the energies of step and kink sites modelled using the slab
model, indicating that the nanocube represents a good approach
for modelling of defect sites. For CO adsorbed at the Ti corner, the calcu-
lated adsorption energy was —0.76 eV, not very different from the
value predicted using the 1 x 1 supercell slab model or the face site
of the TiC nanocube. Thus, even on low coordinated metal sites, the
binding is still relatively weak. This is highlighted by the results corre-
sponding to the CO molecule adsorbed at the Ti edge site, which is
found to be unstable.

Finally, a comment should be made on the vibrational frequencies
corresponding to CO adsorption at the nanocube. Going from CO at
the C adsorption site at the cube face to the corner C site, the CO
stretching frequency shows an increase of ca. 60 cm ™. This shows
that the dependence of the C— O stretching frequency does not pro-
vide a way to identify adsorption sites. This conclusion is consistent
with the results corresponding to CO adsorption at the corner Ti
and face Ti sites, which displays only a small variation in the
stretching frequency. Adsorption energies and vibrational frequencies
calculated for the nanocube model are reported in Tables 5 and 6.

Table 5

Adsorption (E.q.) and distortion (Eg) energies (eV) for CO adsorption at different
sites on the TiC nanocube model. Adsorption on edge titanium atom was found to
be unstable.

Site Eads Edisc
Cia —065 0.49
Tiface —0.60 0.05
Cedge =210 0.93
Ceorner —3.10 0.90
T —076 0.02
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Table 6
Calculated vibrational frequencies (in cm ™ !) for the stretching (vco) and frustrated
translation (v, ) of the adsorbed CO molecule on different nanocube sites,

Site C face Ti face C corner C edge Ti corner
Voo 2000 2034 2059 2021 2043
v, 117 3n 1265 1214 403

4.2. Experimental results

The system resulting from the interaction of CO with the TiC
nanopowder and the TiC substrate itself was studied with an array
of different experimental techniques which are useful in analysing
the sample and to provide insight into the nature of adsorption and
desorption processes. Firstly, powder XRD analysis was performed
on the TiC nanopowder (Fig. 4). As expected, only diffraction peaks
corresponding to cubic (F3-3 m) TiC are present. The crystallite size
can be estimated using the Scherrer equation [68]:

kA
s Bcost

where d is the crystallite size, k is a shape factor taken to be 0.94 for
cubic particles, N is the wavelength of X-rays, 0 is the angle of peak
and B is the line broadening of the peak at half maximum (FWHM).
From the most intense (200) peak, a value of around 27 nm as the
average crystallite size of the TiC nanopowder was obtained. SEM was
used to analyse the morphology of the TiC nanocrystals. Examples of
images obtained are shown in Fig. 5. A homogeneous distribution of
cubic particles mainly ranging in size between 10 and 50 nm can be
seen. Moreover, TEM analysis of individual nanoparticles allowed us
to confirm their nature and to carry out microstructural characterisation;
measured interplanar distances were consistent with cubic TiC crys-
tallites. Fig. 6 shows the TEM micrograph obtained for a TiC particle
of ca. 10 nm of size and its Fourier transform indexation (see inset of
Fig. 6). In the TEM image, spacings corresponding to the (200) plane
of TiC are visible and the Fourier transformed image of this crystallite
contains spots corresponding to the (200) and (110) Miller indices of
cubic TiC. These findings indicate that the theoretical study based on
the nanocube-like models used in this work can be related with the
experimental results of CO adsorption onto nanopowder TiC sample.
CO was dosed onto the TiC nanopowder and the resulting system
studied by means of temperature programmed desorption (TPD). Re-
sults for the analysis of CO thermodesorption profile are reported in
Fig. 7. Desorption temperatures above 500 K, which are higher than
those reported in previous single crystal studies [25], are observed.

(200)
(111)
5
«
2
[72]
g (220)
= |
|‘ @11)
1 li222)
| (422)
| J_ N Jlk;'r"-. e N
; : : :
40 60 80 120
206/°

Fig. 4. X ray diffraction (XRD) pattern of the sample of TiC nanopowder (ICSD
03-065-0971).
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Fig. 5. Scanning electron microscopy (SEM) images of TiC nanopowder.

The present TPD results show that at least for some sites/faces of the
TiC nanopowder strong adsorption of CO exists which, is in line with
results from DFT based calculations for TiC(001) slab models. Note,
that, as mentioned above, this surface should predominate in the
nanopowder. The high dependence of the adsorption energy with
coverage can be employed to explain the differences with previous
data that reported an adsorption energy of around —0.76 eV [13],
which is close to the high coverage value reported in this work.
In our experiment, the adsorption of CO was carried out at 298 K
(e.g. above the 150 K reported in previous work). Here, the tempera-
ture employed for initial CO exposure is too high to allow a high
coverage situation and leads to only a fraction of the surface being
covered by CO molecules. A consequence of this lower coverage is
that molecules adsorb more strongly and remain so until above 500 K.
This data is fully consistent with the computational results presented
above which predict an adsorption energy of around — 1.5 eV for low
coverage of the (001) surface and much higher for defect sites account-
ing for the additional peak observed around 600 K.

Fig. 6. TEM micrograph of an individual TiC particle. The inset corresponds to the Fourier
transform analysis. The interplanar distance corresponds to the indexed (200) plane.

4.3. Kinetic Monte Carlo simulation of TPD experiments

The main goal of the present kinetic Monte Carlo (kMC) TPD sim-
ulations is to further confirm the interpretation above regarding the
coexistence of a low and a high temperature peaks caused by the
strong dependence of the adsorption energy on the CO coverage of
the (001) surface. The simulation of desorption for various initial
coverage values demonstrated how the low temperature desorption
peak is present only at sufficiently high initial coverage whereas the
high temperature peak is always present. This second peak at higher
temperature is produced by the few desorbing molecules that still
populate the surface at such high temperature. Present simulations
consider only adsorption on top of surface carbons, as justified by
DFT results, and results already reported [34] for the adsorption energy
values in the various supercell models as starting parameters for the
TPD simulations. For each CO molecule explicitly included in the simu-
lation box, the adsorption energy was calculated by considering the
effect of the number of possible first, second and third neighbour sites
occupied. The DFT results presented above have already shown that
surface relaxation induced by the adsorbed CO molecule constitutes
the major contribution to the dependence of adsorption energy with
coverage. Consequently, the effect of lateral CO—CO interaction was

Intensity / a.u.
A

200 300 400 500 600 700 800 900 1000
Temperature / K

Fig. 7. Temperature programmed desorption (TPD) profile of adsorbed CO on TiC
nanopowder.
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not considered. The adsorption energy of a molecule i surrounded by n;
(first), n, (second) and ns (third) neighbouring molecules, can then be
approximated as:

Easli) = Eo + (M) (Es—Eo) + 1/, (ma) (Ep—Ey) + 1/, (ns) (Es —Eo)

where the (E; — Ep), (E; — Eg) and (E; — E;) quantities refer to the
difference between the low coverage adsorption energy of a molecule,
Ep, and a molecule whose four first (E;), second (E2) or third (E3) neigh-
bour sites are occupied, respectively, and with the different energies
obtained from suitable supercell calculations representing the different
coverage situations. In this way, the model takes into account the effect
that neighbouring molecules have in varying the adsorption energy of
the molecule considered. Desorption rates are then calculated from
Arrhenius type plots assuming a constant pre-exponential factor of
103, Simulations for different initial coverages have been carried out
on a 50 x 50 lattice, using periodic boundary conditions and a constant
heating ramp of 4.8 K/min. From the simplicity of the model, a perfect
agreement between theory and experiment cannot be expected. Never-
theless, it contains the essential ingredients to nicely reproduce the
main trends observed.

The results obtained from the kMC simulations are reported in Fig. 8.
The top of the figure shows the TPD profile (left) obtained for various
initial coverages and contains a graphical representation of neighbour
sites around each molecule adsorbed on the lattice (right). The bottom
of the figure presents the simulated low (right) and high (left) coverage
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TPD profiles and shows peaks reproduced populating different fractions
of the totality of the lattice sites. The overall simulated TPD profile for
initial coverage above 50% predicts an intense desorption peak at tem-
peratures around 150 K with a small shift toward lower temperatures
when increasing the initial coverage. This is in good agreement with
the experimental observations of Didziulis et al. [25] where initial
conditions for the adsorption of the gas at very low temperature led
to high initial coverage. Upon desorption of some of the molecules,
the fraction of the occupied sites on the lattice lowers and the molecules
now left on the surface can adopt regular configurations that reduce the
distortion obtaining a higher average adsorption energy and a decrease
of the calculated total desorption rate. Note that a small desorption peak
at about 300-350 K, which is also seen in our TPD experiment (Fig. 7)
is also present. This can be associated with an intermediate coverage
situation that still does not allow molecules to stay far enough from
each other so as to completely relieve the large surface distortion.
The desorption feature observed at 450-500 K in the last part of the
thermodesorption profile (Fig. 8 top left) is due to the small amount
of molecules still adsorbed on the surface. Desorption at temperatures
lower than 250 K involves an initial situation where at least half of the
lattice sites are occupied. This is clearly shown in the profiles reported
in Fig. 8 — bottom left, showing desorption peaks around 200 K
obtained for initial coverages of 50 and 55%. The high temperature
peak can be also reproduced simulating an initial very low coverage
compatible with a much higher adsorption temperature. Such small
amount of molecules adsorbed can initially stay far enough from each
other so as to lead to high adsorption energy while minimizing the

Reference Molecule
First neighbour sites
Second neighbour sites
Third neighbour sites
Surface titanium atoms

Surface carbon atoms

—0=0.35

TN PN

300

Total desorption rate (Arb. Un.)

450
Temperature (K)

Fig. 8. Temperature programmed desorption profiles simulated for different initial coverages (top left) with neighbour sites distribution around a reference molecule (top right).
The intense low temperature peak is reproduced only for initial situations with coverage higher or equal to 0.5 (bottom left). The high temperature peak in the last part of the spec-

tra can be reproduced assuming very low initial coverage (bottom-right).
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surface distortion. However the amount of molecules desorbing at this
temperature is too small and will produce a weak signal only, hardly
seen if directly compared with the low temperature peak. As reported
in Fig. 8 — bottom right, kMC simulations for higher temperature
adsorption, that is, initial coverages much lower than 50%, led to the
appearance of the high temperature desorption peak alone and causing
the absence of the low temperature peak. This agrees well with results
obtained for desorption experiments after higher temperature CO ad-
sorption on TiC nanopowder. Note that the reliability of the simulations
is ensured by the overlap of the high temperature peaks obtained for
every initial coverage. Finally, simulated thermodesorption profiles
agree well with the experimental desorption features at both high
(above 500 K) and low (about 150 K) temperatures.

To summarize, the kMC simulations carried out with energies
obtained from periodic DFT calculations show both high and low
temperature desorption peaks associated with very low and very high
coverages which are in agreement with present experiments on TiC
nanopowders and also with previous ones carried out on single crystal
although the latter were unable to detect the high temperature peak.

5. Summary and conclusions

The interaction of CO with TiC has been studied using density func-
tional theory based calculations on periodic and nanoparticle models
and a variety of experimental techniques using TiC nanocrystals as sub-
strate. This choice is justified by the almost insurmountable difficulty in
preparing TiC single crystals [47-58] and also by experiments on MgO
smokes showing that local properties such as vibrational features are
comparable to those obtained in single crystals or thin films deposited
on metal substrates and under ultra high vacuum conditions [60].

The DFT based calculations show that, on the TiC(001) surface, the
preferred adsorption site is a C atom with the CO molecule adsorbed
with the C end down. The present work confirms that adsorption ener-
gy highly depends on coverage [34]. At a relatively high coverage of 1/4
of the exposed surface atoms, a low adsorption energy of —0.83 eV is
calculated with a concomitant large distortion energy due to the defor-
mation of the surface induced by the presence of CO, while at a lower
coverage of 1/36 of the surface atoms, the adsorption energy increases
(in absolute value) to around — 1.60 eV with a lower distortion energy.
The large difference is due to the fact that, upon adsorption, the CO
molecule pulls the surface C atom out of the surface to form a rather
short, strong Cy,,~C bond, explaining the large distortion energy. This
also explains why larger supercells corresponding to lower coverage
can better spread out the effect of this distortion leading to a lower
distortion energy and thus a higher adsorption energy. The coverage
dependent adsorption energy also helps to shed light on the differences
encountered with a previous published experimental work [24], which
reported a low temperature desorption of CO at 150 K corresponding to
an adsorption energy of about —0.5 eV while recent computational
work predicted a much stronger adsorption energy [34]. CO exposure
atvery low temperatures encourages high coverage, causing a decrease
in the adsorption energy and a weak interaction with the substrate.
Adsorption at higher temperatures results in lower coverage, with a
much stronger interaction between the few remaining CO molecules
and the substrate. TPD experiments found desorption of CO from TiC
nanopowder at over 500 K supporting the interpretation above and
the view of this low coverage-high adsorption energy situation. This
picture is also supported from the kinetic Monte Carlo simulations
although one may argue that the results are triggered by the input
energies. Nevertheless, the simulations are consistent with the mea-
sured TPD.

To investigate CO adsorption at low coordinated sites, slab models
with both step and kink sites were built and a 64 atoms cube was also
used to model TiC cubic nanocrystal inferred from XRD and electron
microscopy analysis. The DFT based calculations show that adsorption
at these defect sites is even stronger. For the step site the calculated

adsorption energy is —2.87 eV while for the kink site this increases
to —3.45 eV. The present TPD results also evidenced such strongly
bound molecules, with CO desorption occurring around 600 K. Energy
values for CO adsorption on various sites on the nanocrystal model
are in good agreement with those obtained by adsorbing CO on single
crystal and defect slab models.
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Chapter 4

Water gas shift reaction (WGSR) on
Au/TiC novel catalyst

The chapter reports a joint experimental - theoretical study elucidating the
mechanism for the hydrogenation of CO, on the Au/TiC system. The theoretical
investigation has been made in collaboration between our laboratory and
groups of IQTC-UB and experiments have been carried out at Brookhaven
National Laboratory, BNL (USA). Results obtained have been recently submitted
to publication® and also gave the main motivation for all work reported in the
next chapter.

CO, conversion is nowadays a brain-teaser problem for scientists around the
world. It has central importance to solve global warming reducing the high
guantities of this extremely pollutant gas emitted nowadays by human
activities. In addition carbon dioxide can be the starting material for compounds
further used as chemicals to produce fuels and alcohols.

Reverse water gas shift reaction (RWGS) is an easy way to begin the
reconversion process. In RWGS CO, is reduced using molecular hydrogen and
obtaining CO and water passing through several intermediates. The first step
after the adsorption and activation of CO, is normally the addition of hydrogen.
Depending where attach occurs several formate isomers with different stability
are produced. However after cleavage of one C-O bond all moieties can be in
principle converted into methanol. Breaking the second C-O bond forms surface
CH, (x = 0-3) units that can participate to heavier alcohols synthesis but also
produce hydrocarbons through the Fisher-Tropsch (F-T) reaction, or be further
reduced producing methane.

Recent experiments®? performed on small gold nanoparticles adsorbed on
single crystal TiC grown along the (001) direction reported very high reaction
rates for CO, hydrogenation. The same experiments pointed out that high
production of methanol and carbon monoxide is favoured by low Au coverage
and flat 2D nanoparticles.
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In this study we firstly identified the minimum energy path (MEP) for the
complete conversion of CO and water to CO, and H, characterising reactants,
products, intermediates and transition states involved. By definition the MEP
coincides for both direct and reverse reaction so any process can be studied in
the direction we prefer and on top of that at working temperature the reaction
is in equilibrium. For this reason only the pathway that brings from CO and
water to carbon dioxide and molecular hydrogen will be discussed. Such
process, known as Water Gas Shift Reaction, (WGSR), has its own importance as
it is one of the most important ways used to produce molecular hydrogen®

The identification of the transition states connecting the key stable
intermediates of the WGSR allowed explain the good experimental activity seen.
Comparing our new results obtained for the Au,/TiC (001) system with those
obtained previously for the reaction on the clean TiC (001) surface the whole
process can be understood. The support acts cleaving one O — H bond of water,
producing the OH species that will later oxidize carbon monoxide. This step is
followed by formate dehydrogenation and recombination of atomic hydrogen.

In a second moment the kinetic information derived from the periodic density
functional calculation was used for the ab-initio prediction of the reaction rates.
On Au,/TiC the rate limiting step (RLS) for the reaction is predicted to be the
cleavage of the O — H to form CO,, where the RLS on TiC (001) is the formation
of the second C - O bond.”

The calculated rate constant for CO, dehydrogenation is about a hundred
thousand times slower on the supported gold nanoparticle than on TiC (001),
where the formation of the second C — O bond is about 100 million times faster
on Au,/TiC than on the bare support.5 These combined effects reflect the
experiments identifying Au/TiC an active catalyst for the water gas shift
reaction.
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for the Low-Temperature Water Gas Shift Reaction.
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Transition metal nanoparticles dispersed on oxides or carbon supports are
among the most frequently used catalysts in the chemical and petrochemical
industries. In principle, by selecting the right combination of metal and support,
one could reduce substantially the energy necessary for chemical
transformations and optimize the use of chemical feedstock.® Metal-support
interactions can have negative?? or positive*® effects on the catalytic properties
of a metal. A major challenge in heterogeneous catalysis is to understand metal-
support interactions at an atomic level and use them to design highly active and
selective catalysts.”® In the last decades, a large effort has been focused on the
study of metal-oxide interactions.! However, in recent years, it has become clear
that metal carbides can be excellent supports for the dispersion of metal
catalysts.®”#*° The metal carbides have interesting catalytic properties on their

11,12,13,14,15,16,17,18

own, and they also can modify the reactivity of a supported metal

through chemical bonding.®*® In this article we investigate the performance of
Au/TiC(001) surfaces as catalysts for the water-gas shift reaction (CO + H,0 >
H, + CO,, WGS). The WGS is a key process in the industrial production of
hydrogen.®” Commercial catalysts for the WGS usually involve mixtures Fe-Cr
and Cu-Zn oxides, used at temperatures between 620-770 K and 470-525 K,
respectively.” These catalysts normally require lengthy and complex activation
steps before usage. There is a general desire to find WGS catalysts active at
relatively low temperatures (< 470 K).*° Metal-carbide based catalysts can
accomplish this task®***”*but there are serious concerns about their stability

14,18

and selectivity. Many metal carbides are sensitive to O, or O-containing

11,14,18
d.

molecules in the reaction fee On the other hand, metal carbides can be
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very active for the breaking of the C-O bond in carbon monoxide'**

and, in the
presence of hydrogen, hydrogenate the produced C atoms to yield methane or
higher alkanes.’®**>%% Our study indicates that the 1:1 metal-to-carbon ratio
in TiC gives stability to this carbide substrate and prevents the cleavage of C-O
bonds. Strong metal-support interactions make Au/TiC(001) a highly active and

selective catalyst for the low-temperature WGS reaction.

Fig. 1 shows the WGS activity for clean TiC(001) and Au/TiC(001) surfaces as a
function of Au coverage. We found that the clean TiC(001) surface is able to
catalyze the WGS, in agreement with the predictions of previous DFT
calculations.' In fact, at 450 K, TiC(001) displays a WGS activity larger than that
of Cu(111), a typical benchmark in WGS studies.** Metallic Au does not catalyze
the WGS?>?%?® |n spite of this, the addition of Au to TiC(001) produces a drastic
increase in the WGS activity of the system. A maximum in the production of H,
and CO, is observed at 8,, ~ 0.15 ML. After this point, there is a gradual
decrease in the WGS activity of Au/TiC(001). Studies of STM have shown that at
coverage of 0.1 ML a large fraction of the Au particles exhibits a height of ~ 0.2

nm with respect to the carbide substrate (Fig. 2).2*° These small particles are

two dimensional (i.e. one single Au layer) and have a diameter below 0.6 nm.®*°

§
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Figure 1. WGS activity of Au/TiC(001) and Au/TiO,(110) as a function of Au coverage. The reported

values for the production of H, (filled symbols) and CO, (empty symbols) were obtained after
exposing the catalysts to 20 Torr of CO and 10 Torr of H,0 at 450 K for 5 min.
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Figure 2. Distribution of Au particle heights seen in STM images for 0.1 and 0.5 ML of gold on
TiC(001). Au was vapor deposited at 300 K and the Au/TiC(001) surfaces were annealed to 550 K
before taken the STM images (ref. 19 in main text).

The Au atoms in this particles are in direct contact with the C sites of the
TiC(001) substrate undergoing a charge polarization® that shifts electrons
towards upcoming molecules (Fig. 3) and enhances their chemical reactivity.®**°
At coverages above 0.2 ML, the gold form predominantly three-dimensional
particles on TiC'®?® (i.e. the Au atoms exposed to the reactants are not
electronically modified by interactions with the carbide support) and the
chemical reactivity of the system decreases.®® In XPS experiments for the partial
dissociation of water on Au/TiC(001), H,0 - OH + H, we found an extremely

high reactivity for surfaces that had a gold coverage below 0.2 ML (Fig. 4).

76



UNIVERSITAT ROVIRA I VIRGILI

TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES
THEORETICAL MODELLING.
Gian Giacomo Asara

Diposit Legal:

T 1924-2014

Chapter 4

Au,

electron-rich
regions

Au,/Tic(001) Au,/Tic(001)

Figure 3. Top: Bonding configurations for Au, and Au, on TiC(001). Bottom: Topological analysis of
the electron localization function (ELF map, ref 25 in main text) for Au,and Au, on TiC (001). On
the right side is shown a cut along a diagonal of the Au, cluster.

This is quite interesting because extended surfaces and isolated nanoparticles of
gold do not dissociate the water molecule.’’” Upon the dissociative adsorption of
water on the Au/TiC(001) (B4, < 0.2 ML) systems, we observed a shift of 0.7-0.8
eV in the Au 4f;;, binding energy in XPS (Fig. 4), which is consistent with the
formation of Au-(OH)x compounds on the surface.
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Figure 4: Top: Intensity of the OH signal in the O 1s region of XPS after dosing 50 L of water at 300
K to TiC(001) and Au/TiC(001) surfaces with different coverages of gold. Bottom: Corresponding
shift in the Au 4f;/, binding energy upon the dissociative adsorption of water on the Au/TiC(001)
surfaces. At Au coverages above 0.2 ML, the reactivity of the Au/TiC(001) surface for water
dissociation decreased with increasing Au coverage.

These compounds are active species for the WGS reaction on Au/oxide
21,28

catalysts. In Fig. 1, we compare the WGS activity of a series of Au/TiC(001)
and Au/TiO,(110) surfaces with similar coverages of the admetal. At
temperatures of 550 - 625 K, Au/TiO, is known to be a very good catalyst for the
WGS?% with an activity that is higher than that of Cu/ZnO* which is used as an
industrial WGS catalyst.?’ The results in Fig. 1 indicate that Au/TiC(001) is a much

better low-temperature WGS catalysts than Au/TiO,(110). This is corroborated
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by the data shown in the Arrhenius plots of Fig. 5. The apparent activation
energy for the WGS process decreases from 18 + 2 kcal/mol on Cu(111) to 10 + 3
kcal/mol on Au/TiO,(110) and 8 + 2 kcal/mol on Au/TiC(001).

2 | WGS reaction

AU/TIO,(110)
AU/TIC(001)

4l Cu(100)

2] Cu(111)

Ln {ratel(1015 molecules cm™2 s-1 )}

1.6 1.8 2.0 2.2 2.4
1000 KIT

Figure 5. Arrhenius plots for the WGS on Cu(111), Cu(100), Au/TiO,(110) and Au/TiC(001) catalysts
(20 Torr of CO and 10 Torr of H,0). Surfaces of metallic Au are not active for the WGS reaction.
The data for Cu(111), Cu(100), Cu(111) and Au/TiO,(110) were taken from refs.[26,27]. The
coverages of Au on TiO,(110) and TiC(001) were 0.4 and 0.15 ML, respectively. At these coverages
maximum catalytic activity was observed for Au/TiO,(110) and Au/TiC(001).

The apparent activation energy on Au/TiO,(110) is close to that found on
Au/TiO, powders, 11 kcal/mol.”**® At relatively low temperatures (< 470 K),
Au/TiC(001) exhibits a WGS activity that is observed on copper surfaces and on
Cu/oxide or Au/oxide (oxide= TiO,, ZnO, CeO,, MgO) catalysts only at elevated
temperatures (> 500 K).>>*° From the data points in Figure 5, we estimated
turnover frequencies (TOFs) for Au/TiC(001) assuming that all the gold atoms in
the catalyst were involved in the WGS process. This is a valid assumption since
STM shows that at a low coverage of Au (~ 0.15 ML) the admetal grows forming
a substantial amount of 2D islands on TiC(001).>"® The estimated TOFs at
different temperatures are shown in the top panel in Fig. 6. The bottom panel
compares TOFs for several catalysts.
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Figure 6. Top: TOFs for the WGS reaction on Au/TiC(001) at different temperatures. Bottom:
Comparison of the TOFs for the WGS on Cu(111),%® Cu/zn0(000i),”’ Au/ZnO(0001),” Au(111),%®
Au/TiOz(llo)ZG and Au/TiC(001). In all cases, the pressures of CO and H,O were 20 and 10 Torr,
respectively.

Again it is clear that Au/TiC(001) is an excellent catalyst for the WGS reaction. At
450 K, the Au/TiO,(110) surface exhibits a TOF close to that reported for Au/TiO,
powder catalysts, ~ 0.2 s,*! but much smaller than that seen for Au/TiC(001),
3.2 s™. Furthermore, a Cu/Zn0O(0001) surface, which models industrial Cu/ZnO
catalysts,* displays a TOF ~ 3 times smaller than that of Au/TiC(001) in spite of
an increase of 125 K in the reaction temperature. As mentioned above, two
important issues when dealing with the use of metal carbides as possible
catalysts for the WGS are selectivity and stability.*******"*® |n many industrial
operations, the WGS is performed under hydrogen rich conditions with mixtures
of CO/H,0/H, that come from the reforming of hydrocarbons.s'14 Under
hydrogen rich conditions metal carbides such as Mo,C transform CO into
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methane as a side reaction.”>?? Indeed, after exposing a Mo,C(001) surface to a

CO/H,0/H, mixture, we found products for the WGS and CO methanation (Fig.
7). We carried out studies comparing the WGS process on Au/TiC(001) and
Au/Mo,C(001) using CO/H,0/H, mixtures. A gold coverage of ~ 0.15 ML was
deposited on TiC(001) and on a Mo,C(001) surface.” The results are summarized
in Fig 7. Neither TiC(001) nor Au/TiC(001) produce methane as a reaction
product. These catalysts only produce CO, through the WGS reaction.

g 25
9 CO, 435 K
© 20 A
E AU/TIC
© — Au/Mo,C
:' 15 A
o
@
S
3 10 CH,
e
o
3 54 Au/Mo,C
=
3]
s [ H ric ﬂ
o Au/Ti
g 0 1
TiC Mo,C TiC Mo,C

Figure 7. Production of CO, and CH, after exposing TiC(001), Au/TiC(001), Mo,C(001) and
Au/Mo,C(001) catalysts to a mixture of 20 Torr of CO, 10 Torr of H,0 and 100 Torr of H, at 435 K
for 5 minutes.

In general terms, Mo,C(001) is more active than TiC(001) for the conversion of
CO, but the molybdenum carbide produces a significant amount of methane.
The addition of Au to Mo,C(001) produces an excellent catalyst for the
conversion of CO at low temperature, but it increases simultaneously the
production of CO,/H, and methane. In Figure 7, Au/TiC(001) is the best WGS
catalyst in terms of activity and selectivity. It is known that the 1:1 metal-to-
carbon ratio in TiC(001) makes very difficult the cleavage of the C-O bond in
carbon monoxide (CO.4s = Cags + Oags, AE= + 1.65 eV).g'13 This 1:1 metal-to-
carbon ratio also makes TiC(001) less sensitive to the presence of water in the
reaction feed.'” After 6 hours of operation we found no signs for deactivation of
the Au/TiC(001) catalyst during the WGS (Fig. 8).

In contrast, the Au/Mo,C(001) catalyst lost ~ 30% of its activity during the same
period of time (Fig. 8). Mo,C powders and Mo,C(001) decompose the water
molecule to form films of oxycarbides which have low catalytic activity."**® This
deactivation process was negligible on TiC(001) and Au/TiC(001).
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Figure 8 Production of CO, as a function of time after exposing Au/TiC(001) and Au/Mo,C(001)
catalysts to a mixture of CO/H,0/H, at 435 K. Initial pressures: 20 Torr of CO, 10 Torr of H,0 and
100 Torr of H,. A coverage of 0.15 ML of Au was deposited on the TiC(001) and Mo,C(001)
surfaces to generate the catalysts.

DFT calculations were used to study the mechanism of the WGS reaction on
Au/TiC(001). First, the bonding of CO and water was examined on Au,, Au;; and
Au,s clusters supported on a TiC(001) slab (Fig. 3 and 9). Au,z consisted of two
layers of 9 and 4 metal atoms. Au,g contained three layers of 16, 9 and 4 Au
atoms. Both clusters ended in a Au, unit as seen in Au,/TiC(001), Fig. 3, but in
the case of Au;3/TiC(001) and Au,e/TiC(001) the tip of the gold cluster was not in
contact with the carbide substrate, Fig. 9. The strength of the bonding
interactions of water with the Au clusters increased following the sequence:
Au,g/TiC = Auy3/TiC << Au,/TiC, in agreement with the trend seen in our
experiments for adsorption of water on Au/TiC(001), Fig. 2 and 4.
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Figure 9: Auy;; and Auyg clusters used to investigate the bonding of water to a Au/TiC(001)
catalysts.

Thus, the active sites for the WGS on Au/TiC(001) are small metal clusters in
close contact with the support. Something similar has been reported for
Au/oxide catalysts.”*?® Fig. 10 compares the calculated reaction profiles for the
WGS on clean TiC(001)" and Au./TiC(001). The corresponding molecular
structures for the reaction intermediates and transition states are displayed in
Fig. 11. Our theoretical study indicated that the WGS reaction prefers the Au
sites. The optimal path for the WGS on Au/TiC(001) follows and associative
mechanism in which a HOCO species is formed after reacting CO with an OH
group produced by the dissociation of water. The formation of a key HOCO
intermediate has also been proposed in previous theoretical studies for the WGS
on Cu(111),* Ce0,/Cu(111)** and Au/TiO,(110).* Table 1 lists the calculated
reaction rate constants for the main steps of the WGS on Au,/TiC(001) based on
the DFT calculations. It is remarkable that on Au,/TiC(001) the formation of the
HOCO intermediate is an exothermic process that occurs with extremely low
activation barriers which are significantly smaller than those found on TiC(001),
0.87 eV,” or pure gold, > 2eV.?” On clean TiC(001), the calculated rate constant
at 300 K for the CO + OH = cis-HOCO reaction was only 3.20 s™ site™ >’ while on
Au,/TiC(001) the corresponding rate was 9.63-10” s™* site™’. Surfaces of pure gold
do not dissociate water.”’
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Figure 10. DFT calculated energy profile for the WGS reaction on clean TiC(OOl)17 and Au,/TiC(001).
The corresponding molecular structures are shown in Fig. 11.

Table 1. Calculated barriers and rate constants at for main steps of the WGS on Au,/TiC(001). E,

is in eV/molecule and rate constants (RC) in stsite™

Reaction Eact RC (300 K) RC(450 K)
H,0 > OH +H 0.37 5.44 x 10° 6.49 x 10’
CO + OH = cis-HOCO 0.28 9.63 x 10’ 5.41 x 10
cis-HOCO > trans-OCOH 0.27 1.27x 10 3.70x 10°
OCOH = CO, +H 0.70 1.32 1.06 x10*
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Figure 11. Calculated DFT molecular structures for intermediates and TS of the WGS on a

Au,/TiC(001) model catalyst. The corresponding energy profile is shown in Figure 10. Color code:
yellow, Au; purple, C; grey, Ti; red, O; white, H.

In contrast, the rate constant for the dissociation of water on a Au, cluster
supported on TiC(001) is 5.44-10° s™* site™ at 300 K. Thus, the charge polarization
at the Au-TiC interface (Figure 3)** drastically enhances the catalytic properties
of gold.

A detailed comparison of the behavior of Au on TiC(001) and TiO,(110) or
Zn0O(0001) in Figure 6 points to stronger metal-support interactions on the
carbide surface which make this substrate the best option for enhancing the
WGS activity of Au. Charge polarization can also occur when Au is deposited on
oxide surfaces,®*3® put it is usually weaker than seen on the TiC(001)
substrate®*® requiring a modification of the standard properties of the oxide
surface. A perturbation of the electronic properties of Au is a preliminary step to
enhance its chemical activity, and on oxides this task can be accomplished by
introducing structural or electronic defects, by creating O vacancies, and by
forming Au-(OH), species.?*?43*3>3 On the other hand, the simple deposition of
Au on stoichiometric TiC electronically perturbs the gold.>” As a result,
supported Au is able to dissociate water, a bottleneck on surfaces of pure gold,?
and the other reaction steps for the WGS proceed on the admetal at a
reasonable speed. In addition, the 1:1 metal-to- carbon ratio in TiC provides
stability and prevents the transformation of CO into methane. Thus, in
Au/TiC(001), one has a highly active and selective catalyst for the low
temperature WGS reaction.
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Experimental Section

The Au/TiC(001) and Au/Mo,C(001) catalysts were prepared and tested in an
ultrahigh vacuum chamber that has attached a high-pressure cell or batch
reactor.”®**** Au was deposited on the metal carbide substrates following the
methodology described in refs. 19 and 25. The procedures followed for the
cleaning of the TiC(001) and Mo,C(001) surfaces are described elsewhere %%
In the experiments, the WGS activity of the metal/carbide catalysts was tested
under mixtures of CO/H,0 or CO/H,0/H,.*****° The CO gas was stored on
aluminium tanks and cleaned of any metal carbonyl impurity by passing it
through purification traps.

The periodic DFT calculations estimated exchange and correlation energy using
the PW91-GGA*” approximation as implemented in VASP.*® The wave function
was expanded using a plane wave basis set whose associated kinetic energy was
lower than 415 eV. A suitable net of 3x3x1 k points generated using Monkhorst-
Pack algorithm was used to perform integration in the reciprocal space.* The
Au, cluster was adsorbed on a 3(V2xV2)R452 supercell and fully relaxed together
with all adsorbates and the two upper layers of the slab until forces were
smaller than 0.02 eV A™. About 10 A of vacuum perpendicular to the surface
avoided interaction between repeated images. Transition states were identified
using CI-NEB algorithm.*® All structures were characterised as proper minima or
saddle points by vibrational analysis. Reaction rate constants (T= 300 or 450 K)
were estimated from standard transition state theory including the calculation
of the vibrational partition function as detailed elsewhere."
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Syngas reactivity on Au/TiC system

This chapter investigates the hydrogenation of carbon monoxide on the clean
TiC (001) surface support and on Au, and Aug nanoparticle models adsorbed
thereon. Results obtained are resumed in the draft reproduced after this
introduction and will be soon submitted for publication.!

Theoretical results presented in the previous chapter together with recent
experimental data demonstrated that small gold nanoparticles adsorbed on TiC
are able to catalytically hydrogenate carbon dioxide producing CO and, to a
lesser extent, methanol.? Our periodic DFT study using the Au,/TiC (001) model
system demonstrated that the catalyst is able to cleave one C— O bond from the
hydrogenated carbon dioxide at low temperature agreeing with the
experimental detection of high quantities of CO that populates the surface of
the catalyst and the gold nanoparticles. From previous theoretical studies it is
known that small Au nanoparticles adsorbed on the (001) surface of TiC can
easily dissociate molecular hydrogen and that carbon monoxide adsorbs slightly
stronger on the surface carbons than on the nanoparticle.** Consequently CO
hydrogenation was considered to be one probable way for methanol
production.

The first part of the work focused on the reactivity of syngas (a mixture of CO
and H,) on the bare support. A wide reaction network was studied including the
whole pathway leading to formaldehyde, H,CO.

This reactive pathway is thermodynamically viable despite of the small
endothermicity of the process and it is the kinetically preferred between those
explored, but it is still highly hindered due to activation barrier higher than ~1.3
eV. The activation energies calculated for the cleavage of C — O bond of carbon
monoxide or HCO were higher than ~2.4 eV make also these processes rare
turning TiC (001) inert toward syngas.
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HCO formation through carbon monoxide hydrogenation was then studied on
two 2D small nanoparticles models: Au,s and Aug. The crucial difference between
the two models relies on the effect of their structure on the geometry adopted
by the reactants during the formation of the new C — H bond. In fact, the smaller
Au, adopts a square geometry and presents just one kind of atoms here referred
as “corner” whereas Aug, whose atoms occupy two adjacent rows of surface
carbons, presents also another kind of gold atoms, defined as “edge”. This
feature, present on the Aug cluster allows the reactants to get closer when co-
adsorbed, and the bond formation turns to be a coplanar movement of CO and
H. In the case of Au, the reactants adsorb on adjacent gold atoms, and need to
move along nearly perpendicular planes to form the new bond. This subtle
difference results in a change in calculated activation energy that passes from
the 1.80 eV, calculated for the reaction on the bigger cluster, to 1.93 eV for the
reaction on the smaller Au, cluster. Those activation energies are high enough
to consider impossible any further hydrogenation. No other path for COH
formation was found resulting in a lack of catalytic activity not substrate but
reactant dependent.

However this study helps to shed light on the reaction mechanism for methanol
synthesis on Au/TiC. Our previous results about the water gas shift reaction
(WGS) on Au/TiC, where CO, and molecular hydrogen are formed from carbon
monoxide and water, pointed out the carboxyl mechanism as the most
favourable despite of the redox one, involving the partial dissociation of water
followed by the oxidation of CO and the formation of carboxyl. However none
was anticipated about the formation mechanism of the methanol detected in
the experiments. It can in principle come from subsequent reductions and
dissociation of some CO, hydrogenation intermediates or from direct carbon
monoxide hydrogenation. Considering these last theoretical results this second
hypothesis can be definitely discarded.
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Introduction

CO, hydrogenation helps to reduce the high quantities of this extremely
pollutant gas emitted every year by human activities and obtain compounds
that can be further used as chemicals to produce fuels and alcohols. This is a
new, cheap and green source of C; molecules triggering the latest researches for
catalysts that overpasses the nowadays “traditional” coinage metals supported
by transition metals and transition metal oxides. A new type of catalyst that
showed promising applications is formed by gold nanoparticles supported by
transition metal carbides (TMC). From the capital work of Haruta' showing the
surprisingly high catalytic activity of gold nanoparticles smaller than 10 nm
despite the lack of reactivity of the bulk material, a huge number of theoretical
and experimental studies arise, investigating activity towards various industrially

2343 These studies showed what

relevant reactions and size-tunable properties.
influence chemical activity, how the structural flexibility plays a very important
role in the stabilization of reaction intermediates® and demonstrating that it is a
common feature of gold nanoparticles in spite of their dimensions.” Since the
1970's it is well known that early TMC have noble-metal-like properties and
shows reactivity similar to Pt, Ru or Rh.®° Many TMC form the same reaction
intermediates found on noble metals surfaces, that differs from those found on
the parent transition metal surfaces.’® Their peculiar structural and electronic
properties have been studied extensively™* pointing out the important charge
transfer from the metal to the carbon atoms. Also recent studies demonstrated
decomposition of ammonia on Mo,C** and on the same carbide hydrogenation
of CO was also studied®. Catalysts made of metal monolayers supported by

TMC substrates have been also explored as a possibility to reduce the amount of
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expensive noble metals used. Deposition on TMC enhances the catalyst activity
if compared with other supports.” Between all possible TMC combinations
titanium carbide shows good qualities as support for gold nanoparticles and as

1415 Theoretical studies demonstrated how the

catalyst in a variety of reactions.
Au-TiC interaction produces a charge polarization from the support to the
nanoparticle that enhances the activity toward the dissociation of small

molecules such as H, O, and SO,.'*'"*®

Many studies concentrated on the
description of the electronic and structural properties of the bulk material, the
stability of low index surfaces, the adsorption of atoms and small molecules and

reaCtiVity.11'19'20'21'22'23

From all stated above the composed Au-TiC system is a
promising catalyst for CO, hydrogenation and in fact a recent study showed how
Au-TiC outperforms industrial Cu/ZnO catalyst (under the same experimental
conditions) in the synthesis of methanol. State-of-the-art DFT calculations and
experiments on single crystals showed that CO, is activated after adsorption on
the Au-TiC catalyst and that methanol production increases if substituting gold
with copper.? Later, new experimental and theoretical results highlighted that
nanoparticles ability to adsorb and activate CO, is sensitive to the noble metal
atoms coordination demonstrating that low coordinated atoms increase the
catalytic activity of small nanoparticles and one-atom thick clusters adsorbed on
the carbide are extremely reactive.”® This means that the activity is related with
the fraction of gold atoms subjected to a strong polarization of its charge
density by the support and that small flat nanoparticles are more active that big
three dimensional ones. The work identified HOCO as key intermediate in the
mechanism for CO, reduction to methanol on the Au-TiC system, leaving the
open question if methanol was generated from witch of the two traditionally
accepted pathways, the hydrogenation of CO generated by reverse water gas
shift reaction (RWGS), or the reduction of the formate (HCOO) obtained from
HOCO isomerization, or from both.

Analyzing in detail the reaction mechanism of CO hydrogenation on the Au-TiC
model catalyst it will be shown that it is possible to exclude the RWGS pathway,
pointing out HCOO as the determinant intermediate in CO, reduction. Such
information is useful to systematically improve the production of methanol or
others reduced compounds stabilizing the HCOO species, increasing the
effectiveness of the Au-TiC catalyst.
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Computational Details
The theoretical results presented were obtained using the VASP package.’®*
The exchange and correlation contribution to the total DF energy has been

calculated using the PW91 form*®%

of the generalized gradient approximation.
Geometrical optimization of the adsorbate structures has been performed using
conjugate gradient or Newton-Raphson algorithms until forces on every relaxed
atom were smaller than 0.02 eV/A, where the wavefunction convergence
criteria used was 1 10° eV. The valence electron density has been expanded
using a plane wave basis set with an associated maximum kinetic energy of 415
eV. Core electrons have been treated using the projected augmented wave
(PAW) method of Bloch [*°], as in the implementation of Kresse and Joubert.?! A
3x3x1 k points mesh generated using the Monkhorst-Pack algorithm®? has been
used for numerical integration in the first Brillouin zone. The (001) surface of
the material has been modeled using a 3(V2 x V2) supercell (72 TiC units plus the
4 or 6 gold atoms of the nanoparticle) constructed with 4 layers, the bottom
two frozen to the optimize bulk parameter, 4.328 A, and the upper two fully
relaxed during the optimization together with gold atoms and adsorbates. The
surface was separated by 10 A vacuum from its images repeated along the z-
axes avoiding self-interaction. This computational set up and the surface model
was already used and described elsewhere22, and have shown to be enough
accurate for the purpose of this work. The transition state (TS) structures
initially guessed through the CI-NEB** method have been refined using the
Dimer method* and verified by vibrational analysis. During the reaction the
nature of adsorbates change together with the strength of the induced surface
distortion. For this reason gold atoms where explicitly included in every TS
search, and in some cases it was of crucial importance also include the upper
layer of the slab. All adsorption energies reported are calculated as:

Eads = Emolssurt — Emol — Esur

Where Enonsurf refers to the total energy of the molecules adsorbed on the slab
model, Emol is the sum of the total energies of the gas phase CO and H,
molecules, and Eg,s is the total energy of the relaxed surface. Within this
formalism, stronger interactions result in more negative adsorption energy
values.
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Reactivity on the clean TiC (001) surface.

As stated above, exploring the hydrogenation of CO on the Au-TiC system will
enable us to determine the unique pathway for CO, reduction. Firstly is
important to determine the reactivity of the CO with the bare support because
adsorption on (001) clean surface is preferred for low coverage? and the
surface is already covered by atomic hydrogen that spills over from the
nanoparticle,’® so statistically hydrogenation occurs more probably on the
surface of the support than on the nanoparticle. Carbon monoxide experiments
an adsorption energy of -1.52 eV, calculated when the molecule interacts with a
carbon atom of the surface. Dissociative adsorption of one hydrogen molecule
brings the system 2.48 eV beyond the molecular desorption level. Previous
studies demonstrated that atomic hydrogen diffuses freely on the surface and
can react with species adsorbed. Nevertheless diffusion of CO to the closest Ti
atom on TiC (001) is prevented by a very high energy barrier of 1.41 eV.

First hydrogenation of CO is often the rate limiting step in syngas reactivity on a
variety of substrates, due to the high adsorption energy and stability of carbon
monoxide, and reaction barriers are often higher than 1 eV.* The addition of
the first hydrogen on the C atom of carbon monoxide is barely endothermic
(+0.29 eV), but highly impeded by an activation energy of 1.92 eV. The reaction
involves the coordination of the hydrogen by both surface Ti and C atoms,
together with the formation of a Ti-O bond (see fig. 1). It was not found any
pathway for hydrogen attach on the oxygen atom. The formation of COH is
possible only through HCO isomerisation, but the process is endothermic with
reaction energy of +0.85 eV and it is prevented by the extremely high energy
barrier (2.91 eV).

The addition of the second hydrogen leading to surface HCOH is highly
endothermic, and the system have to overcome an energy barrier of 1.38 eV,
similar to that calculated for the same reaction on other materials, although the
formation of the surface HCOH is favored respect to the gas phase reactants by -
1.41 eV. The transition state, where the H atom interacts simultaneously with
the oxygen atom of HCO and surface C (see Fig. 2), lies by 0.82 eV under the
desorption limit.
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Figure 1 From left to right: reactants, transition state and product of the first hydrogenation of
carbon monoxide [CO + H - HCO] on the clean (001) surface of TiC. Side and top view are
sketched respectively in the upper and bottom part of the figure. Color legend: Ti (silver), C (cyan),
O (red), H (white).

No transition state has been found for addition of the second hydrogen directly
on the C atom. The hydrogenation of CO on the surface of the support is highly
disfavored by both thermodynamics and kinetics, due to the high activation
energies calculated for the attach of the first hydrogen to the endothermicity of
the process, so the reaction will not proceed. However a small amount of HCOH
will populate the surface, and at this point it is worth to ask if some valuable C;
product can be obtained. For example HCOH can isomerize to formaldehyde
(HCHO) forming the second C-H bond, and the process is exothermic by -0.1 eV.

However the energy barrier calculated is very high (1.84 eV) and the transition
state structure, featuring a 3-term-ring (see Fig. 3)fig. SI 2), is unstable respect
to gas phase molecular hydrogen and carbon monoxide by 0.44 eV.
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Figure 2: From left to right, reactants, transition state and product for the reaction: HCO + H -
HCOH on the clean (001) surface of TiC. Side and top view are sketched respectively in the upper

and bottom part of the figure. Colour legend: Ti(silver ), C (cyan), O(red), H(white)

Figure 3: From left to right, reactants, transition state and product for the isomerization of HCOH
to produce adsorbed formaldehyde (HCHO) on the clean (001) surface of TiC. Side and top view
are sketched respectively in the upper and bottom part of the figure. Color legend: Ti (silver), C

(cyan), O (red), H (white)
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This means that, at this point, just a small part of the molecules will isomerize to
formaldehyde, and the reaction will proceed backwards. Cleavage of C-O bond
is necessary step for methane production. Dissociation of adsorbed CO (and
HCO) to produce atomic oxygen and carbon (or O and CH units) is generally

3637 Experimental results on TiC (001)

hindered by activation energy of few eV.
showed no methane production during CO, reduction, in agreement with the
activation barrier of 2.99 eV calculated for CO direct dissociation and of 2.44 eV
for HC-O bond cleavage. Methane production detected on nanopowders*®**° can
be interpreted as a direct consequence of surface roughness. On a kink site CO
adsorbs strongly and the carbon atom substitutes the missing surface carbon.
The oxygen interacts with a Ti atom present largely increasing the CO bond
distance.’ A graphical resume of the reaction network studied on the clean

surface is reported in Fig. 4.

1.242
(2.986)
CO —>C+0
0.286
(1.916)| ¢.790 -0.105
COH «<—— HCO ——> HCOH ——> H2CO
0.851
(2.911) -0.082
(2.445)
CH+ O

Figure 4: Calculated reactions network on the clean TiC (001) surface. In the model two adsorbed
hydrogen atoms were explicitly included. Reaction energies (out of parenthesis) and activation
barrier (in parenthesis) are reported in eV.

Reactivity on supported Au nanoparticles

We showed above that the contribution of the bare support to CO
hydrogenation is negligible, so the contribution to the total methanol
production has to come from the hydrogenation on top of the gold
nanoparticles. Latest experiments on CO, reduction pointed out that the flat
and small gold nanoparticles were more active than the 3-dimensional ones. In
this study gold nanoparticles adsorbed on TiC (001) have been modeled with
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two flat models of 4 and 6 atoms. The four atoms model has been widely used
in previous investigations, predicting dissociation of hydrogen and activation of
CO,. Gold atoms are adsorbed on top of surface carbon showing a square shape,
on top of witch hydrogenation can occur. We will focus on attach of the first
hydrogen because it seem to be the rate determining step of the process. Let’s
consider the hydrogenation on the smaller Au, flat cluster: CO adsorbs with
moderate strength (-1.32 eV), C down, on top of a gold atom.

Figure 5: From left to right, reactants, transition state and product of the first hydrogenation of
carbon monoxide [CO + H - HCO] on the smaller Au, nanoparticle model. Gold atoms are
adsorbed on surface carbons in a 4-fold symmetry. Following the mechanism (i) (see text)
hydrogen diffuses from a neighboring gold atom, approaching the carbon monoxide. In the
transition state H coordinates both gold atoms, CO tilts and oxygen goes closer to the gold atom
that will coordinate HCO. Hydrogen transfer and CO tilting occur on nearly-perpendicular planes.
Color legend: Ti (silver), C (cyan), O (red), H (white), Au (gold).

Dissociative co-adsorption of H, brings the system -2.51 eV beyond the gas
phase reactants (-2.46 eV if H and CO adsorb on first neighbors gold atoms,
called Au and Au' — refer to the inset in fig 6 for a graphical explanation of this
notation, that will be used throughout the following discussion). In this
structure, atomic hydrogen directly interacts with one gold atom, where the
other remains far from the gold cluster, adsorbed on a surface carbon. HCO
formation on top of the cluster is not favorable, being endothermic by 0.66 eV.
This means that the reduction on top of the Au4 cluster will be disfavored due
to the endothermicity of the process, but still possible. When adsorbed in its
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most favored geometry, C and O atoms of HCO interact with two first neighbor
gold atoms. Using our model, it can occur with (at least) 3 mechanismes, (i) the
migration of the hydrogen on the carbon of CO and the subsequent approach of
the oxygen to another gold atom, (ii) the simultaneous migration of both CO
and H on an empty first neighbor gold atom in between, or (iii) the diffusion of
CO to a neighboring gold atom with subsequent insertion into the Au-H bond.

According with the neighbor notation presented in the inset of Fig. 6:
Mechanism (i) Au'-H + Au-CO = Au-HCO

Mechanism (ii) Au"-H + Au-CO - Au'-HCO

Mechanism (iii) Au'-H + Au-CO - Au'-HCO

Mechanism (ii) and (iii) are depicted in fig. 5. Mechanism (i) and (ii) require the
movement of the reactants over two nearly-perpendicular planes impeding the
reaction. Mechanism (iii) can be seen as a CO insertion in the Au-H bond. This is
a usual mechanism in homogeneous catalysis, although in this case it requires
the migration of carbon monoxide from a gold atom to another. In this case the
movement of CO and the elongation of the Au-H bond occur along the same
plane. Transition states for mechanism (i) have been identified, and
characterized with just one imaginary frequency associated to the normal mode
that brings the hydrogen atom from an Au' atom to the C atom of CO, that
simultaneously tilts, approaching the oxygen to the other Au'. Structures of
reactants, transition state and product involved in mechanism (i) are presented
in Fig. 5. The energy barrier calculated is 1.93 eV, making this process largely
disfavored but in principle possible because the transition state structure lies
0.54 eV beyond the desorption limit. No transition state has been identified for
mechanism (ii), even if the co-planarity surely favours the process, nor for
mechanism (iii), that implies the simultaneous movement of H and CO. It is
possible that the CO migration is the factor that impedes the hydrogenation in
both mechanisms. The lack of activity of the Au, cluster is possibly due to the
high distorted structure of a feasible transition state, imposed by the cluster’s 4-
fold symmetry. To avoid this geometrical constrain a cluster composed by 6 gold
atoms, adsorbed in two adjacent rows of surface carbons, has been constructed
and optimized. The model now features 2 different kind of gold atoms, those in
the corner and those in the edge of the cluster.
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Figure 6: Representation of others possible pathways for the HCO formation on top of the Au,
cluster model. Mechanisms (i) and (ii) impose a simultaneous movement of CO and H along two
different, nearly perpendicular planes, reaching the final structure where the Au-C and Au-O
interaction are both present. In the CO insertion -mechanism (iii) in the text- both interactions are
produced through a coplanar movement of the reactants. Top and oblique view are reported in
the upper and lower part of the figure, respectively. A schematic representation of the gold
neighbors notation used in the text is presented in the inset. Colors legend: Ti (silver), C (cyan),
O(red), H(white), Au (gold).

Although the difference with the Au, model can seem subtle, adsorbate
geometry can vary considerably, together with reaction mechanism. On Aug
HCO prefers to adsorb on an edge gold atom, with oxygen pointing outside of
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the cluster. This means that reduction of CO adsorbed on a gold atom in the
edge of the Aug cluster can occur easily through attach of hydrogen adsorbed on
the other row. In this case, attach of hydrogen from behind and simultaneous
tilting of CO out of the cluster will occur on the same plane. Reactants,
transition state and product identified for the reduction on the Aug gold cluster
are sketched in Fig 7. On this bigger cluster, the reaction is highly endothermic
by 0.56 eV, with activation energy of 1.80 eV. This means that the Aug system is
just slightly more active than the clean TiC (001) surface to reduce CO.

7 Figure 3: From left to right, reactants, transition state and product of the first hydrogenation of
carbon monoxide [CO + H - HCO] on the bigger Aug nanoparticle model. Gold atoms are arranged
in two rows, each atom directly interacting with a carbon of the surface. This geometry presents
both edge and corner gold atoms, allowing a coplanar movement of reactants favoring the
reaction. Color legend: Ti (silver), C (cyan), O (red), H (white), Au (gold).

The energy barrier decreases of about 0.12 eV respect to the clean surface and
0.13 eV respect to Aus. These results together with experiments previously
reported indicate the role played by HCOO in CO, reduction. The formate path
for CO, reduction on the Au-TiC system can be now identified as the
predominant (if not the only) process participating in methanol production. A
comparative energy profile for the reaction of the three different substrates
used is reported in Fig.8.

102



UNIVERSITAT ROVIRA I VIRGILI

TRANSITION METAL CARBIDES AS ACTIVE PHASE AND AS SUPPORT IN CATALYSIS: INSIGHTS FROM FIRST PRINCIPLES
THEORETICAL MODELLING.
Gian Giacomo Asara

Diposit Legal:

T 1924-2014

Chapter 5

0.5 = Clean TiC (001)
’ — Ay, TiC
I — AuTiC
0—

o
n
|

1

Energy (eV)
1

N
W
|

1

]
)
|

1

o
W
|

1

I I I I
CO(g) + Hy(g) CO* + 2 H* TS HCO* + H*

Figure 8: Comparative energy profile for attach of one hydrogen atom to CO on the clean TiC (001)
surface and on the two models of gold nanoparticle used (Aus and Aug). Arrows represent the
heigh of the activation energy barrier. All energies are in eV.

Conclusions

Recent experimental studies indicated Au-TiC system as a promising candidate
for the catalytic hydrogenation of CO, to methanol, highlighting how the highest
activity was obtained when adsorbing small, flat, one atom thick nanoparticles.
Production of CO (but no methane) was detected and DFT calculations identified
HOCO as a key intermediate. Nothing was anticipated about the pathway
followed during the hydrogenation but that it will follow the two traditionally
accepted routes, the hydrogenation of CO generated by RWGS or the reduction
of formate produced by HOCO isomerization. In this study the hydrogenation of
CO has been studied in detail on the clean (001) surface, where CO prefers to
adsorb, obtaining a high reaction barrier of 1.92 eV that prevent the reaction.
Hydrogenation on top of Au, 4-fold cluster occurs with a similar high activation
barrier (1.93) probably due to the geometric constrain imposed by the 4-fold
symmetry that does not allow a coplanar movement of the reactants. On the
bigger Aug cluster the presence of both edge and corner atoms allows a
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coplanar movement and calculated activation energy for attach of the first
hydrogen is lower, but however extremely high. For this reason the quantity of
methanol produced by this route will be negligible. The formate pathway can be
considered positively as the predominant pathway involved in the methanol
production from CO, on the Au-TiC model catalyst.
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Chapter 6

Adsorption of coinage metals on
0-MoC

The previous chapters presented results obtained on titanium carbide studying
structural properties, interaction with gold nanoparticles and the catalytic
properties of the novel Au/TiC system. Now we will focus on another transition
metal carbide, which shares important properties with TiC but have also crucial
differences.

Investigation on molybdenum carbides begun long time ago' and are now
triggered by new experiments exploring surface activity as well as their
applicability as activating support for noble metals. Good results were obtained
for hydrogenation of CO and CO, > but also for processes such as C-C versus C-
O scission,” water-gas shift reaction,® thiophene hydrodesulfurization and
methane reforming among others.”?

The plural used above to refer to molybdenum carbides was not casual. In fact
various stable and metastable phases exist, such as orthorhombic, hexagonal
and rock-salt cubic structures; the former two are found in Mo,C and the latter
corresponds to the stable phase for the MoC stoichiometry. Despite the
orthorhombic phase (normally referred as -Mo,C) is generally considered as
the most stable bulk phase recent theoretical studies predicted lowest cleavage
energy for the (001) surface of 8-MoC.’ Real catalyst nanoparticles are
polycrystalline presenting a mix of phases where the cubic is definitely present.
The (001) surface of 8-MoC then will be a non-negligible fraction of the surface
exposed.

This chapter is focused on the interaction of Au, Cu and Ni noble metal atoms
adsorbed on the (001) surface of the cubic 3-MoC. The theoretical results
presented here have been obtained in collaboration between the Quantum
Chemistry Group at the Universitat Rovira i Virgili, the Computational Materials
Science Laboratory, CMSL, of the Universitat de Barcelona, and the Brookhaven
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National Laboratory (BNL-USA). They have been published recently and are
reported hereafter.®

The adsorption of single Au, Cu and Ni atoms is the first step when studying the
interaction of bigger metal clusters with some support. It is useful because
several properties are normally conserved for bigger clusters, for example
preferred adsorption site, adsorption energy trends and direction and entity of
the charge transfer between adsorbate and support (if present).

These elements were chosen because of their proved catalytic activity when
adsorbed as atoms or small clusters on TMC surfaces.™ Information about the
interaction with MoC cubic phase also helps to rationalize common
characteristics of all rock-salt cubic TMC, the majority of the carbides of groups
IV-VI. Comparing the adsorption of the same elements on different rock-salt
TMC it is possible to evaluate the effect of extra d electrons on structural
properties or chemical activity of the composed noble metal — TMC system.

Firstly, the interaction of Au, Cu and Ni atoms was studied as a function of the
coverage using supercell models of several sizes. We explored coverage ranging
from 0.25 to 0.028 ML. The main difference between those models stays in the
number of relaxed atoms explicitly included in the geometrical optimization.
Higher coverage is reproduced using a smaller surface model and smaller is the
number of relaxed degrees of freedom of the surface. It will be shown that this
can lead in errors in both adsorption geometry and energies.

This work followed several systematic investigations on the interaction of noble
metal atoms with the (001) surface of rock-salt TMC and how different
substrates influence the catalytic activity of the composed noble metal — TMC

catalyst.'***

Unfortunately those earlier works did not account for the in-plane
relaxation but just for that along the direction perpendicular to the surface. In

this way the principal effect that stabilizes the atom on the surface is lost.

The capability of the surface to accommodate the adsorbed metals and the
strength of the interaction depends of the fraction of the sites occupied. For
lower coverage the substrate can relax more and the area of the hollow sites
where atoms adsorb increases up to ~25%. This fact results in a decrement of
the perpendicular distance between the atom and the surface together with an
increment of the strength of the interaction. The direction of the charge transfer
between the surface and the adatom is always determined by the
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electronegativity of the pure elements (i.e. adsorbed Cu and Ni become
positively and Au negatively charged). For higher coverage the extent of the
charge transfer decreases together with the shift of the d-band center to more
positive energies getting closer to the Fermi level. This fact infers an increment
in the catalytic activity, predicted to be in the order Ni > Cu > Au.
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charges, projected density of states (PDOS), and shifts of the transition metal d-band center. The atomic adsorp-
tion is found to cause an in-plane distortion of the surface, and, besides, the interaction strength turns to be
coverage dependent. A lower coverage allows for a better accommodation of the adsorbate, alongside causing
ad-band center shift to more negative energies, as shown by plots of the PDOS. Regardless of the coverage, inter-

action strength diminishes following the order Ni > Cu > Au. Adatom chemical activity can be inferred based on

Metal-support

the calculated d-band center; Ni being the most active metal, followed by Cu, and then Au for every coverage

DFT studied. This result well correlates with experiments on other transition metal carbides. Atomic adsorption
also diminishes surface work function.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The manifold technological applications of transition metal carbides
(TMC) are nowadays well-known, and they have been the subject of
several reviews in the last years [1,2]. For instance, such materials are
currently widely used as cutting tools or covering materials, due to
their extreme hardness. This feature and other important physical prop-
erties like their high electric conductivities and refractory melting tem-
peratures have been interpreted by means of the analysis of the
covalent, metallic, and ionic contributions to the chemical bonding
between the transition metals and the carbon atoms [3]. From the
early seventies, some other promising and more exciting possible uses
of TMC captured the attention of the scientific community, including
their usage as heterogeneous catalysts for industrial reactions: high ac-
tivities have been found for both TMC single crystals and nanometric
powders. In some cases, the TMC catalytic activity has been estimated
to be higher than currently used industrial catalysts, as happened for
the water gas shift reaction, where density functional (DF) calculations
predicted that TiC(001) surface overtake the industrial Cu-based cata-
lyst [4]. In the field of heterogeneous catalysis models, TMC has been ex-
plored as well as non-innocent supports for noble and coinage metal
catalysts, but also as electrocatalysts in fuel cells [5]. For instance,
metal clusters supported on TMC have been used for desulfurization
(DeSOy) reactions [6], hydrogenation of CO, to obtain methanol or
methane [7], and also for oxidation reactions [8,9].

* Corresponding author.
E-mail address: francesc.illas@ub.edu (F. lllas).

0039-6028/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
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From earlier theoretical works it is found that the carbide-metal
adatom interaction induces an important charge polarization in the lat-
ter [10-13], partially reducing the admetal and consequently boosting
the activation of small organic or inorganic molecules adsorbed on the
system [6-9,14-19]. Polarization of the electron density results in a
charge accumulation in the proximity of the adsorbed transition metals,
which is considered the key aspect in the enhanced catalytic activity of
TMC-supported metal clusters [10]. This background is capitally impor-
tant when designing new catalysts combining transition metals with
TMC, together with the linear relation demonstrated among adsorption
and activation energies [20]. In many cases simple computational
models well-reproduced in silico experimental trends for adsorption
energies, adsorbate geometries, and preferred adsorption sites, recover-
ing the experimental data on the activity trends of various TMC-metal
nanoparticles composite systems.

In this work we present a detailed analysis of the adsorption of single
Au, Cu, and Ni atoms on the (001) surface of 6-MoC as carried out pre-
viously on a few metal-TMC combinations [ 10-13]. In these previous
works several transition metals were tested on 6-MoC and similar car-
bides, such as TiC, yet only a high coverage situation was considered.
Furthermore, surface relaxation was not properly taken into account,
and, although hardness is a common and important feature of TMCs, it
has been shown that adsorption can cause an important distortion of
the surface, vital for a proper description of adsorptive processes, as
found for the relaxation found when adsorbing CO on TiC(001) [21].
The choice of Ni, Cu, and Au transition metals is also motivated by recent
theoretical and experimental work on CO, hydrogenation to methanol,
catalyzed precisely by Au, Cu, and Ni supported on TiC(001) [6,19].
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Molybdenum carbides display interesting catalytic properties [2] which
could be enhanced by the deposition of metals such as Ni, Cu, or Au [1].
Here it will be shown that surface reconstruction and in-plane relaxation
happen to be determining when supporting metals on §-MoC(001). In
addition, adsorption energy trends and changes in surface properties
such as work function or atomic charges have been identified, and con-
nected to the most stable adsorption configurations. The single atom
adsorption provides a first idea of the interactions of a certain metal to
the carbide surface and, subsequently, how the support can affect the
atoms in a larger cluster.

1.1. Computational details

Adsorption of Cu, Ni, and Au metal atoms has been studied using
standard state-of-the-art periodic DF calculations. Four-layered slabs
of 6-MoC were cut from the bulk perpendicular to the [001] direction
and later on optimized. Atoms include in the uppermost 2 layers plus
the adatom were fully allowed to relax whereas the two bottom layers
were kept fixed at the previously optimized bulk positions [22]. Interac-
tion between translationally repeated slabs was avoided adding 10 A of
vacuum along the [001] direction. Top image of the pristine relaxed sur-
face is shown in Fig. 1. Note in passing that 6-MoC is a metastable phase
compared to the hexagonal form. However, due to the high intrinsic sta-
bility of the (001) nonpolar surface, confirmed by its very low surface
energy, it can be expected to be partially exposed.

Three different slab models have been used to represent diverse
coverages. The smallest cell is a (V2 x ¥2)R45° supercell exposing two
Mo and two C surface atoms in a square arrangement, see Fig. 1. This latter
cell has been renamed (1 x 1) for simplicity. The other two employed
supercells for each surface are — following the above notation — (2 x 2)
and (3 x 3) supercells. These permits one to scan metal coverages (6)
from 0.25 to 0.028. Following a previous computational strategy [22],
we used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [23], given its suitability in describing molybdenum carbides. Calcu-
lations were carried out using the VASP computational package [24].
All calculations were carried out in a spin-polarized fashion. Valence elec-
trons have been described using a plane-wave basis set with an associated
maximum kinetic energy of 415 eV. The effect of the core electrons on the
valence electron density was described using the Projector Augmented
Wave (PAW) method [25]. The electron density was considered con-
verged when subsequent energy minimization steps lead to a maximum
difference of 10~° eV. Similarly, structures were optimized until forces

Fig. 1. Top view of the optimized (001) surface of 6-MoC. Yellow lines indicate the vectors
of the supercell models used to study adsorption at various coverage . The (V2 x ~2)R45°
cell, (1 1) inour notation, exposes4 atoms in total, 2 Mo and 2 Cand represents coverage
6 =0.25.(2 x 2) and (3 x 3) supercells represent § = 0.0625 and 8 = 0.028 and expose
16 and 36 atoms respectively. Mo and C atoms are represented by cyan and purple
spheres, respectively. In (2 x 2) and (3 x 3) supercell sketches the red spots respectively
indicate the MMC and Hollow adsorption sites.

calculated on each relaxed atom were smaller than 0.02 eV A~ . For an
accurate evaluation of the total energy of the system a Monkhorst-Pack
k-point grid of 5 x 5 x 1 was used for the sampling of the first Brillouin
zone on all the employed supercells.

The adsorption energy has been calculated as:

Eags = Emmc—Em—Emac (1)

where E, 4 is the adsorption energy, Exymvc is the energy of the supercell
with the metal adatom, Ey, is the energy of the metal atom in the vacu-
um, and, finally, Erwc is the energy of the pristine carbide slab. Within
this formalism, the more negative the E, 4 values, the stronger the inter-
action. All stable structures have been identified as minima in the po-
tential energy surface by numerical calculation of the Hessian matrix,
obtained by finite displacements of the adatom coordinates. Note that
a better characterization would include the coupling with the carbide
surface atoms. Vacuum atomic energy references were gained by plac-
ing the metal atom in a large 9 x 10 x 11 A asymmetric box and
calculating the total energy. Atomic charges for adatoms were estimated
applying a Bader analysis [26]. The surface work function was calculated
by subtracting the Fermi energy value of the system under study
from the electron potential value in the vacuum region. The center of
the d-band was obtained by plotting the projected density of states
(PDOS) and numerically integrating the density in the d-band region
of the total density of states (DOS).

2. Results

Let us begin with the clean 6-MoC(001) surface. One of its main fea-
tures is the surface rumpling, a process mostly concerning the atoms of
the outermost layer of a surface. Atomic relaxation changes the inter-
planar distance along the axis perpendicular to the surface, to a different
extent for anions and cations. This process has been intensively studied
in oxides [27] and in the (001) surface of rock-salt materials such as
sodium halides [28], and it is found also in the (001) surface of early
transition metals carbides [3]. For carbides, it implies an inward relaxa-
tion of the metal atoms at the surface, together with a displacement of
the carbon atoms towards the vacuum. It is noteworthy that 6-MoC is
the TMC where this effect is most pronounced. DFT calculations using
PW91 [29] functional predicted an intralayer rumpling displacement
of 024 A (0.26 A calculated at RPBE level) [3]. Recent calculations per-
formed with the PBE functional confirm both results, with a calculated
value of 0.25 A. However, such relaxation does not imply any recon-
struction, that is, the relative in-plane positions of the atoms and long
range periodicity do not change. As it will be shown below, an impor-
tant reconstruction occurs as a consequence of metal atoms adsorption.

Along this line we studied the adsorption of Ni, Cu, and Au atoms on
the relaxed 6-MoC(001) surface. Due to its surface symmetry, see Fig. 1,
six highly-symmetric adsorption sites have been explored; see previous
studies for their definition and notation [30]. However, for these metals
only two particular sites happen to be energetically competitive: The
three-fold hollow site neighboring two surface Mo atoms and one
surface C atom (MMC), and a four-fold hollow site, where metal adatoms
are simultaneously bridging two Mo and two C surface atoms (Hollow).
Energetic, geometric, and estimations of surface-related properties are
encompassed in Table 1, connected to the most stable sites found for
each particular case. The adsorption energies are of the same order as
compared to other studies of metal adatoms on TiC(001) [13]. A compar-
ison with bulk metal environments reveals that the bond strength of the
studied metal atoms to the 6-MoC(001) surface is larger for Cu and Ni at
lowest coverage, while at medium coverage it does only for Ni. In the case
of Au, the Au-Au bonding is a priori stronger [31]. Thus, appearance of Au
adatoms can only be feasible if aggregation is kinetically inhibited.

From previous studies [13] on similar surfaces, it is expected that Ni
prefers to siton top of surface C and both Cu and Au prefer MMC adsorp-
tion sites. Some of these results are confirmed at our highest coverage
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Table 1

Summary of surface properties for Au, Cu, and Ni adatoms adsorbed on the (001) surface of 6-MoC at different coverages.
L} 0028 0.0625 0.25

Ni Cu Au Ni Cu Au Ni Cu Au

Eqas/eV —542 —358 —298 —475 —296 —232 —403 —235 —2.04
hA 132 147 198 1.34 151 1.98 1.491 1.83 221
AIA? 5.86 593 593 5.73 571 5.65 5.16 4.86 4.90
Qe 0.19 022 —0.18 021 023 —0.21 024 0.19 —0.13
b/eV 4.00 398 397 383 389 392 343 356 388

Adsorption energies (E,q.) and work functions (&) are reported in eV; perpendicular distance to the surface (h) and adsorption area (A) are given in A and A2, respectively. Atomic charges
(Q) are reported in atomic units. Values in italics correspond to the MMC adsorption geometry, while regular font corresponds to hollow sites. Graphical explanation of adsorption area (A)

and perpendicular distance (h) is reported in the inset of Fig. 2 for the particular case of Ni.

calculations, although some other values are in contradiction. It is note-
worthy that Au atoms clearly prefer to sit on MMC sites regardless of the
coverage, and so it happens for Ni atoms, yet on the hollow sites. At the
fringe of both situations we find Cu, whose site occupation is a function
of the coverage: At 6 = 0.028 Cu clearly prefers to sit on hollow sites,
and so does at medium coverage (6 = 0.0625) although at this latter
coverage the MMC sites get closer in energy, with an E 4, of —2.75 eV,
i.e.only 0.14 eV destabilized with respect to the hollow site. At the larg-
est coverage explored (6=0.25) the difference in energy between both
sites is only 0.04 eV, and so they are considered isoenergetic situations,
although further discussion centers on the hollow site, in order to get
site-independent trends. The results for Ni contradict the earlier work
in the sense that here top C adsorption site is disfavored at each studied
coverage. Furthermore vibrational analysis showed that top C is only a
proper minimum at high coverage, whereas at low and medium cover-
age it is a transition state associated to the atomic diffusion between
two adjacent hollow sites.

It is worth to highlight that, regardless of the coverage and nature of
the adsorbed atom, a significant in-plane reconstruction of the 6-MoC
surface atoms is observed, quantified in an observed expansion of the
hollow area (A), see Table 1 and sketch in Fig. 2 for a practical definition.
Note that A has been calculated as A = (dwo - dc) / 2, where dy, and de
are the distance between two surface Mo and or two surface C atoms,
respectively. The sketch in Fig. 2 gives a practical visual definition for
the hollow area A. Generally speaking, the adsorption of these metal
atoms provokes a separation of surface Mo atoms involved in the

adatom coordination, yet also on the surface C atoms, but to a lesser ex-
tent. As observed in Table 1 and Fig. 2, the atomic adsorption increases
A up to ~25% at the lowest coverage treated. This adsorption-triggered
deformation also involves neighboring unoccupied hollow sites, where
such effect is present but more diluted. However, this medium-range
perturbation is at the origin of the lower surface deformation found
at (6 = 0.25) given that relaxations cancel with opposite forces of vici-
nal images. In any case, the stability of Ni, Cu, and Au metal adatoms on
6-MoC(001) is biased by the surface deformation, as shown in Fig. 2. The
larger the allowed deformation, the stronger the bonding to the carbide
surface.

One consequence of this is that the in-plane relaxation allows the
adatoms to sensibly decrease the height (h) from the -MoC(001)
surface, see Table 1, in perfect line with the featured stronger bonding.
Nevertheless, note that the adsorption strength is also affected by the
lateral repulsions between adatoms. To this end Bader charges (Q)
have been obtained for the adsorbed atoms, and shown in Table 1. Re-
garding Au adsorption, calculated Bader charges are always negative,
implying a MoC — Au charge transfer, as found for other TMCs [10].
The amount of charge transfer seems to slightly increase when decreas-
ing the coverage, or, viewed from another perspective, the charge trans-
fer is hindered at large coverages, given the repulsion of close negatively
charged Au adatoms. Thus, at lowest coverage Au adatoms are more
negatively charged. This feature is kept for Ni and Cu situations,
although here the charge transfer is adatom — MoC, with an apparent
increase of such transfer when increasing the coverage, a fact that

1
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Fig. 2. Scatter diagram for calculated adsorption energies versus adsorption areas for each adsorbed metal atom in its most stable adsorption geometry. Vertical dashed line indicates the
area of the relaxed naked surface. Graphical explanation of the adsorption area (A), in orange, and perpendicular distance from the surface (h, see Table 1) is reported in the inset for Ni
atom, denoted by a gray sphere. Values for adsorption energies and areas are in eV and A? respectively.
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interactions of the metal adatoms. In any case such trends must be
taken in caution since the variations with coverage are rather mild.
Last but not least, it is worth to point out that the sign of the charge
transfer seems to be intimately related with the transition metal
atoms electronegativities. In this sense, the electronegativities of Cu
and Ni are similar (1.90 Pauling units), lower than that of Mo (2.16).
Au is a particular case which displays an exceptional large electronega-
tivity of 2.55.

The surface charge rearrangement is largely affecting the computed
work functions. Indeed, atomic adsorption seems to always lower the
work function of the 6-MoC(001) surface, from previous estimations
of ~4.4 eV for the naked surface [32] to present values ranging 3.4-
4 eV, a feature that goes along with the above-commented electron den-
sity depletion when increasing the metal coverage. The variation of the
work function induced by the presence of the adsorbate may seem
counter intuitive since one normally relates positively/negatively
charged adsorbates to decrease/increase the surface work function.
However, it must be pointed out that these general trends are normally
encountered in metallic surfaces with a highly polarizable conduction
band whereas transition metal carbides have large covalent and ionic
bonding contributions. Moreover, even in the case of metallic surfaces
it is not always possible to relate the adsorbate charge with the change
of work function. This was first pointed out by Petterson and Bagus for
Cl on Cu(100) [33] and has been later discussed by Michaelides et al.
[34] who have shown that a work function decrease induced by N
adsorption on W(100) is consistent with a negative charge on N. In a
more systematic work, Migani et al. [35] have also shown that the
change on the surface work function induced by the presence of
adsorbed chloride can be either positive or negative, depending on the
surface metal. A recent analysis by Bagus et al. [36] extends these argu-
ments to the case of I on Cu(111) and shows that negatively charged
adsorbates can result in a decrease or increase of the surface work func-
tion. In any case, these simple charge redistributions arguments help in
the understanding of the promising properties of transition metal
carbides as supports for noble metal atoms in electrochemical catalytic
applications [5], but also extend and recover recent results obtained
on Mo,C [37].

Last but not least, the adsorption energy trends are depen-
dent on the coverage (and degree of surface reconstruction),
but also, for any coverage, the bonding strengths decrease in
the order E,qs(Ni) > E,q5(Cu) > Ejq5(Au). This trend seems to be inti-
mately connected with the generated d-band center of the adsorbed
metal atoms, as extracted from PDOS shown in Fig. 3, here defined as
the center of mass of the projected d-orbitals of adsorbed metal
atoms. For any of the studied metals the d-states shift to more negative
energies when decreasing the coverage, coherent with a stronger
interaction. Comparing the d-band center for the different metals, an
approximated ranking of their catalytic activity can be extracted, as
for every coverage studied the activity would decrease in the order
Ni > Cu > Au, given that d-band centers are shifted towards Fermi
level in the same order, i.e. d-band center of Ni is the least negative,
and that of Au, the most. This last relation has been confirmed in
ongoing experiments for the activation of methane on M/MoC surfaces
(M = Ni, Cu or Au) [38] and such trend also agrees with data for CO,
hydrogenation on M/TiC(001) [7].

The present results for the interaction of Au, Cu, and Ni with the
6-MoC(001) surface seem to point towards an intrinsic instability
of the surface or to an intrinsic high reactivity. This is in agreement
with experimental evidence that, up to now, it has not been possible
to prepare a well-defined 6-MoC(001) surface. All experiments lead
to polycrystalline samples, often with mixed MoC phases [39],
which, in any case, include a non-negligible part of -MoC(001) sur-
faces. The shifts in the position of the C atoms of 6-MoC(001) in-
duced by the admetals are important due to the fact that these C
atoms are not simple spectators in the presence of C-containing
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Fig. 3. Total DOS and PDOS at each coverage represented for each adatom adsorbed on its
most stable geometry. Vertical colored lines represent the center of the d-band for each
coverage, and the corresponding values are also reported nearby, in eV. On the left of
each panel, eagle-eye view of the optimized structures at low coverage is also reported.
Au, Cu, and Ni atoms are denoted as orange, red, and gray spheres, respectively.

adsorbates [7,39,33]. For instance they can make bonds with mole-
cules such as CO or CO; and CHy groups generated during the
reforming of hydrocarbons [2,7,39,40], and previous studies point
out that small molecules containing C and O atoms prefer a mixed
anchorage where new C-C bonds including surface C atoms and
metal-0 bonds involving surface metal atoms are created [32].

3. Conclusions

A systematic DF study of the interaction between the Ni, Cu, and Au
atoms and the non-polar (001) surface of -MoC has been performed at
coverage 0 with values ranging between 0.028 and 0.25, and a variety of
surface properties such adsorption energies, equilibrium geometries,
work functions, atomic charges, partial density of states and shifts of
the transition metal d-band center have been analyzed.

Au (Ni) atoms show a clear preference for MMC (hollow) sites at any
of the considered coverage, whereas Cu prefers to adsorb on hollow
sites at low coverage while at MMC sites at high coverage. At medium
coverage MMC and hollow geometries for Cu are essentially considered
isoenergetic.

Ni, Cu, and Au atomic adsorption always causes a large in-plane
deformation of the surface with an increment of up to ~25% of the un-
derlying hollow area, also affecting neighboring hollow sites, although
to a lesser extent. The ability to accommodate the adatom turns to be
a function of 8, and increasing the coverage causes a reduction of the
strength of the adsorbate-surface interaction.

An analysis of the PDOS shows how a higher atomic coverage
produces a shift of the d-band to more positive energies, i.e. closer to
Fermi level, in line with a decrease of the adsorption energy calculated.
For every coverage, the calculated d-band center suggests that activity
decreases in the order Ni > Cu > Au, a similar trend to that recently
experimentally confirmed on CO, hydrogenation on other TMC [7],
and, therefore, transferrable to the (001) surface of 6-MoC.
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For all the coverage studied E,qs(Ni) > E;q5(Cu) > Ejq5(Au), i.e. ad-
sorption causes a charge transfer MoC — adatom in the case of Au
and adatom — MoC for Cu and Ni, but higher coverage affects all adsor-
bates quenching electronic charges. This result highlights how electron-
electron repulsion governs lateral interactions of the metal adatoms.
Finally, adsorption of all considered metals lowers the work function
of the material passing from ~4.4 eV to ~4 eV.
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Chapter 7
Reconstruction of the C-terminated

3-Mo,C (001) surface

The theoretical investigation presented in this chapter has been made in
collaboration between our laboratory in the Universitat Rovira | Virgili, the
Computational Material Science Laboratory of the Universitat de Barcelona,
CMSL, the Brookhaven National Laboratory, BNL (USA) and the University
College London, UCL (UK). Results obtained have been recently submitted for
publication.!

In this chapter we have used periodic DFT calculations to predict and evaluate
the stability of possible morphologies for the C terminated (001) surface of j3-
Mo,C. New experimental and theoretical works pointed out the interesting
catalytic activity of this material toward CO and CO, hydrogenation,>”* methane
reforming,>® water-gas shift reaction,” thiophene hydrodesulfurization and C-C
versus C-O scission.® The (001) surface of the - phase is one of the most studied
because of its stability, but also its intrinsic reactivity. Along the [001]
crystallographic direction the material is made by alternated C or Mo layers and
the simple bulk cut termination will present a finite dipole perpendicular to the
surface, due to the different formal atomic charges of C and metal atoms.
Following the classic concept developed by Tasker® such termination should
undergo an important reconstruction that will minimise the mentioned dipole.
This is true indeed for metal oxides, although the metallic character of TMC can
help to reduce the perpendicular dipole stabilising the polar C terminated
surface. Experimental determination of the C-terminated surface is however
difficult because the electronic states in the proximity of the Fermi level belong
to deeper Mo atoms, where the Mo terminated is highly reactive and after
preparation reacts immediately.® DFT based calculations can shed light on the
surface morphology with no additional bias but the accuracy of the theoretical
methods used.
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Various polar and non-polar reconstructions of the C-terminated B-Mo,C (001)
surface are analyzed including also the polar bulk-like termination. Non-polar
reconstruction halves the number of C atoms in the upper layer of the slab and
places it under the bottom layer, obtaining repetition units along (001) direction
with no perpendicular dipole. We guessed then several possible motifs, or
arrangements, for the surface C atoms of the upperlayer of the non-polar
structures.

In all cases the calculated atomic charges are similar, suggesting an important
ionicity despite of the metallic character of TMC. Work function also does not
change sensibly indicating a similar electronic structure quite independent from
the surface morphology. Structural analysis showed that polar surfaces suffer a
reduction of the interlayer distance between the upper C layer and the metallic
sublayer, where for non-polar surfaces the contraction involves all slab. Such
local surface contraction helps reducing the dipole stabilizing the system.

The analysis of the calculated cleavage energy demonstrated that the non-polar
C-terminated surfaces are always more stable and, for this reason, most
probable. It is predicted by Boltzmann analysis that the non-polar surface
represents the extended terminations seen under thermodynamic equilibrium.
At low temperature the motif with lowest cleavage energy will be the only
present but at higher temperature others non-polar motifs will be present, with
a small but not negligible contribution of polar domains. Those motifs
qualitatively reproduced the surface structures detected by older STM and LEED

11,12

experiments. For this reason we reproduced STM images for the most stable

motifs. Our images nicely agree with the experiments and confirmed the
important contribution of the Mo states to the valence band in the proximity of
the Fermi energy.
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Abstract

Periodic density functional theory (DFT) calculations have been used to study
the stability of five different C-terminations of the Mo,C(001) surface in the
most stable orthorhombic (B) phase of this important material. The different
terminations all have similar values of the work function or atomic charges,
indicating a similar electronic structure, although the analysis of the cleavage
energy suggests that the non-polar C-terminated surfaces will be the extended
terminations seen under thermodynamic equilibrium. Nevertheless, the
calculated DFT cleavage energy values together with statistical arguments
indicate that different C-terminated motifs are likely to co-exist even at

temperatures just below annealing conditions.
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Introduction

The catalytic properties of molybdenum carbides have been of interest to
researchers for a considerable time' but more recently these materials have
experienced renewed interest after a number of experiments explored their
surface activities towards processes such as CO and CO, hydrogenation,”* C-C
versus C-O scission,” water-gas shift reaction,® thiophene hydrodesolfurization,
and methane reforming.”? Following previous work that systematically explored
the activation of metal nanoparticles supported on early transition metal
carbides towards molecular O, and H, dissociation®° or SO, decomposition***?

(see also ref 13 and references therein), new experimental® and theoretical™

studies employed Mo,C as an active support for noble metal catalysts.

Molybdenum carbide has various stable and metastable phases such as
orthorhombic, hexagonal and rock-salt cubic structures; the former two are
found in Mo,C and the latter corresponds to the stable phase for the MoC
stoichiometry. The orthorhombic phase (normally referred as [-Mo,C) is
generally considered as the most stable. Particularly, detailed theoretical
studies exploring the stability of the different f-Mo,C surfaces, have identified
that the B-Mo,C(001) is the most stable surface." Along the [001] direction, the
material is made up of alternating carbon and metal layers, allowing two
different terminations of either Mo or C; the latter was predicted to be the
more stable and consequentially the most common surface.®*® The
Mo-terminated surface has also been prepared, characterised and used in
several experimental works in the past years showing high reactivity,"” which is
frequently attributed to a high surface energy caused by the exposure of Mo
atoms with a relatively low coordination number. On the other hand, the C-
terminated surface always displayed a less defined structure with the resulting
structure strongly dependent on the methodology and temperature of

18-21

preparation. Such intrinsic instability can be ascribed to the inherent polarity
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of the (001) surface since Mo,C exhibits a large degree of ionic bonding
character with calculated net charges on the C atoms of approximately -2 (see
Table 1) *® Extending the classic concepts developed by Tasker to estimate the
stability of metal oxide surfaces® to transition metal carbides, the p-Mo,C bulk
cut through the (001) plane is classified as a type lll surface. Hence, once the
surface is generated, for instance by sputtering, an atomic rearrangement takes
place to avoid the polarity perpendicular to the surface plane leading to other
terminations with lower surface energy; one of the possible surface
reconstructions is shown in Figure 1. Indeed, this type of surface reconstruction
agrees well with findings arising from low energy electron diffraction (LEED) and
scanning tunnelling microscopy (STM) experiments, where the bulk-truncated
structure is always reconstructed but also depends on the stoichiometry of the

surface,™ namely on the carbon coverage.

A B

2C
4 Mo

} L£0
2¢c
4 Mo

ZC_}

4 Mo }

2C
4 Mo

Figure 1. Schematic representation of B-Mo,C(001) C-terminated, extending the classifications of
Tasker to transition metal carbides. (A) is the bulk-cut surface, classified as type Ill following
Tasker notation, and (B) is one possible surface reconstruction to avoid the perpendicular surface

dipole . Colour code: cyan spheres are C atoms and brown spheres are Mo atoms.

In the present work we report a systematic study aimed at predicting the

stability of various atomic rearrangements of the C-terminated B-Mo,C(001)
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surface. In addition to the arguments arising solely from calculated energy
values, which do not take into account temperature effects, we also estimate
the presence of each motif as a function of the temperature by a derived

Boltzmann distribution based on the computed energies.

Methodology and Computational Details

A systematic study of several B-Mo,C(001) surface terminations was carried out
by means of calculations based on the periodic density functional theory (DFT).
In these calculations, the effect of the core electrons on the valence electron
density was taken into account through the projector augmented wave (PAW)
method,”® whereas exchange-correlation effects were included by means of a

1.* Thus, the Perdew—Burke—

generalized gradient approximation (GGA) potentia
Ernzerhof (PBE) functional flavor was used to obtain the total energy of the
system.” The valence electron density was expanded in a plane-wave basis set
whose associated kinetic energy did not exceed a value of 415 eV. Numerical
integration in the reciprocal space was achieved using a Monkhorst—Pack 5x5x1
k-point grid.”® Electronic energy convergence better than 10° eV was always
reached and the interatomic forces were minimized up to 0.02 eV/A for
structural relaxation calculations. This computational set up was recently shown

to be sufficiently accurate for the purpose of this work.™ All calculations were

carried out employing the Vienna ab-initio simulation package (VASP).”

First, the bulk lattice of the orthorhombic phase (B-Mo,C) was optimized,
leading to cell parameters of 4.7430, 5.2293 and 6.0623 A for a, b and ¢,
respectively, in agreement with experimental values.”® A surface slab model for
the polar surface termination was then generated by directly cutting from the
bulk through the (001) plane, whereas a model for the non-polar surface was
obtained using the METADISE code.” In addition, three other motifs were

prepared by reconstructing the top atomic layer of the surface supercell; hence,
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a total of five different surfaces were considered. These surfaces were modelled
by slabs, each containing 8 atomic layers and a 12 A vacuum width
perpendicular to the surface. We have tested both the slab thickness and the
vacuum gap to ensure that the centre of the slab behaves as the B-Mo,C bulk.
Figure 2 shows that the centre of the slab does not change when all layers are
fully relaxed. Furthermore, the system energy does not change by increasing the
vacuum gap between slabs, indicating negligible interaction between the
repeated slabs. Therefore, in the rest of calculations, the top 4 atomic layers
were allowed to relax without symmetry restrictions until the atoms reached
the required accuracy in the forces, whereas the rest of the layers were kept

fixed at the bulk geometry.

-237.2 — B0 8 layers surface model

Energy (eV)
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Figure 2. Total energy of the 8 layer polar C-terminated slab versus the number of layers relaxed
during the geometrical optimisation. The total energy of the system is not influenced by the
relaxation of the most internal layers, acting as bulk material. The perfect (unrelaxed) bulk-cut

slab is also reported as O relaxed layers.
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Surface Reconstructions

Various non-polar reconstructions of the C-terminated B-Mo,C (001) surface are
analysed with the polar bulk-like termination included for completeness. Note,
however, that because of the particular electronic structure of this material, a
bulk-like termination might not necessarily imply a permanent dipole
perpendicular to the surface. For instance, the Mo-terminated bulk-like
structure is known to be stable, a result arising from the large metallic character
of the Mo top-layer. Nevertheless, the underlying carbide confers to the

material a particular reactivity, quite different from that of bulk Mo surfaces.

The C-terminated bulk polar surface, hereafter referred to as C-polar, presents
zig-zag stripes of carbon atoms occupying three-fold hollow sites formed by the
underlying Mo layer. The reconstruction of this polar termination, hereafter
called C-polar Reconstructed consists of moving half of the C atoms in the top
surface away from the carbon stripes to the adjacent three-fold hollow sites,
creating a new diamond-like motif which is clearly seen in Figure 3. The dipole
perpendicular to the surface disappears by halving the number of surface C
atoms and placing them in their corresponding bulk-like position at the frozen
surface at the bottom of the slab.” Due to the geometrical equivalence of the C
atoms, the C-terminated surface does not depend on the rearranged atoms.
Note also that the C-non-polar reconstructed surface presents one surface
carbon atom per (1x1) unit cell only (Figure 3). Additional non-polar
reconstructions can be constructed using a (2x2) supercell instead. The surface
motifs thus created are referred to as Hexagonal and Stripes and are obtained
by sliding along different directions two of the four surface carbons explicitly
included in the supercell model. The hexagonal termination shows a slightly
distorted C-centred honeycomb structure, while the second reconstruction

creates zig-zag stripes similar to the C-polar but misaligned with respect to
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those of the carbon layers below. A schematic representation of each surface

termination is reported in Figure 3.

C-polar Reconstructed C-non-polar

Hexagonal Stripes

Figure 3: Representation of the different reconstructions of the B-Mo,C(001) surface. Both polar
and non-polar C- terminations are shown. Hexagonal and stripes periodicity are highlighted with
yellow lines. The bottom side of the C-polar and C-polar-Reconstructed slab exposes the Mo-
terminated surface, where for non-polar reconstructions the bottom of the slab presents always
the C-non-polar morphology. Colour code: Cyan smaller spheres are C atoms and brown bigger

spheres are Mo atoms. We displayed the cell in dark blue.

It is also important to note that these surfaces have different numbers of
surface carbon atoms, and it is therefore logical to assume that carbon coverage
resulting from a given preparation method will have a key role in defining the
surface structure. In fact, it has been reported that a surface coverage increase
from 0.33 ML to 0.5 ML leads to a reconstruction from honeycomb to zigzag

structure.™
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In order to determine the surface stability of different surfaces one would

normally rely on the calculated surface energy yR obtained as

U
v _ Ega —NE

1
R E slab ‘lEbulk U 2

where ;/“ is the surface energy of the unrelaxed surface model, i.e. using the
energy obtained by maintaining the atomic structure at bulk-optimized
positions denoted as E5,; 7 is the surface energy of the slab model with the
topmost atomic layers relaxed as indicated above, obtained from the
corresponding Ef,ab energy value; n stands for the number of bulk Mo,C
structural units and, finally, A is the exposed surface area per unit cell.
Unfortunately, the above definition does not apply when the surfaces generated
by cleaving the bulk are different, as in the case of the B-Mo,C (001) where
cleavage results in one C- and one Mo-terminated surface. In this situation the
stability order of the reconstructed surfaces can be defined from the calculated
cleavage energy E e, Which is simply the energy required to cleave the material
in such a way that two different surfaces are exposed, one at the top of the slab
and one at the bottom. To obtain E.,, We use a two-step approach where the

cleavage energy of the unrelaxed surface is first obtained as
(3)

and, in a second step, the surface of interest (i) is relaxed which leads to

U _ R
—E! =FEY _Eslah Eslah (4)

relax cleav A

ER, — EU

cleav cleav

where El s the energy of the slab with the i surface termination (i = C-

terminated or Mo-terminated) relaxed and the bottom layers kept fixed in the
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bulk optimised positions. In this work, i refers to the C-terminated surface. To
obtain the cleavage energy one needs to apply Equation 4 to the case where the

Mo-terminated surface is relaxed and then average the two E values. An

alternative approach consists in fully relaxing the two surfaces simultaneously
with the C-terminated in the desired reconstruction. For a sufficiently thick slab
model, the two procedures should provide the same values. The latter approach
has already been used before,* and test calculations carried out in the present
work showed that Eg.., calculated by fully relaxing the 8 layer slab and
subtracting the energy of the corresponding Mo,C bulk units differs by only +
0.02 J m™ from the value calculated using the two step approach. This approach
is thus an accurate method for obtaining the cleavage energy, especially as we
are primarily interested in the relative stabilities of the different C-terminations.
In Table 1 we therefore report the computed cleavage energies without taking
into account the relaxation of the Mo-terminated side of the slab. We have also
calculated the surface reconstruction amount expressed as in Eq. 5.
EY _ER

%relax — cleav - cleav (5)

cleav
Structure and relative stability of the reconstructed surfaces

The atomic structure of the different terminations described above has been
optimized until full convergence and the -calculated surface properties
summarised in Tables 1 and 2. For bulk-like and reconstructed polar
terminations, we found a uppermost C-C distance of ~3.1 and ~4.5 A
respectively. C-polar reconstructed shows a diamond-like motif. On the C-non-
polar slab, C atoms are 5.2 and 6.1 A far apart, whereas for the Hexagonal and
Stripes reconstructions the situation is slightly more complex. In the Hexagonal
reconstruction, each C is surrounded by six other atoms, two at 5.2 A, two at 6.4
A and two at 6.9 A, forming a distorted carbon-centred hexagon. We also found

peculiar structural features on the Stripes reconstruction termination, the C-C
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intra-stripe distance is 4.7 A, with the angle formed by three carbons at 117 °,
and the inter-stripe distance is equal to 6.2 A. The C-non-polar and the Stripes
slab showed C-C distances very close to those experimentally reported,
6.03+0.02 A.® Another structural difference among C-terminations is the
contraction of the interlayer spacing in the relaxed layers. It is worth noting that
significant inward rumpling takes place in the upper layer of the polar
terminated surfaces in contrast with the very small relaxation (~5 pm)
experimented by deeper layers, which is in agreement with the dipole reduction
trend in a Tasker-type reconstruction. Nevertheless, non-polar terminations
relax > 0.1 A inwards in the second layer as well, with a small fluctuation around

the bulk values predicted for the more internal layers (Table 1).

Table 1: Differences in calculated interlayer distances (A;; in pm) relative to the same values in the
bulk crystal. Positive values represent an expansion and negative values a contraction respect to

the same bulk distance. Averaged values are marked with an asterisk (*).

Termination Ay Ay; Aszy

C-polar -14.473* -4.879* 4.511*
C-polar Reconstr. -12.455%* -4.619* 5.414%*
C-non-polar -14.524 -16.161 7.575
Hexagonal -9.243 -12.188 4.399
Stripes -8.891 -11.526 4.114

Upon relaxation, all reconstructions lower the total energy of the system with
respect to the corresponding value for the polar bulk-cut relaxed C-terminated
surface, in agreement with the predictions of the Tasker model for ionic
materials. The calculated values of the cleavage energy E..., in Table 2 suggest
that the C-non-polar termination is the most stable surface, which calculated C-
C distances are in remarkable agreement with experimental values.?**%!

Nevertheless, the relative close cleavage energies, and hence stabilities, of the

different reconstructions strongly suggest that fractions of the material surface
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are likely to be covered by hexagonal and stripes motifs as these surfaces are
normally prepared by annealing at high temperature. It is worth to note that all
results reported are obtained considering perfect UHV conditions (absence of
any gas in contact with the surface).The stability of each surface will definitely
change taking into account possible adsorption, desorption or reactive
processes. We will further discuss the presence of each surface as function of

temperature in the next section.

The atomic charges on the surface atoms and, in particular, the difference with
respect to bulk values provides information about electronic structure
modifications arising from surface reconstruction. Net atomic charges have
been estimated by means of the Bader analysis,*> where the electron density
associated with each topological atomic basin is integrated.® Note that the
Bader volume is not a sphere of constant radius; due to the changes in the
effective atomic radii with the oxidation state of the ion, it is dependent on the
charge density. Nevertheless, one must be aware of the fact that excessive
electron delocalization of standard DFT methods, arising from the self-
interaction error, usually leads to an underestimation of atomic charges
although trends are likely to be correct. Here, the atomic charges of surface

atoms are compared to those of the corresponding bulk atoms (Table 2).

Table 1: Surface characteristic quantities calculated for each termination: cleavage energy (E¢jeay in
J m'z), relaxation amount (% Relax), termination degeneracy (Q), surface work function (¢ in eV)
and atomic charges of the uppermost C atoms (Qc in a.u.). The value of the atomic charge for bulk

carbon atoms is -2.4 e for all surfaces. Averaged values are marked with an asterisk.

Termination Ecleav % Relax Q () Qc

C-polar 3.355 6.6 1 4.8 -1.9
C-polar Reconstr. 3.274 8.8 1 49 -1.8*%
C-non-polar 3.217 5.4 1 4.9 -1.9
Hexagonal 3.281 3.5 2 49 -1.8*
Stripes 3.262 41 2 49 -19*
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The calculated values indicate that charge in the surface C atoms is significantly
smaller than in the bulk, but with minor differences in the values corresponding
to the difference surface terminations. In order to obtain additional information
regarding the electronic structure of each termination, we have derived the
work function (¢) values by subtracting the value of the Fermi energy from the
electrostatic potential at the vacuum. Work function is strongly influenced by
the extent of surface dipole and variation of this property cannot always be
addressed to simple electrostatic arguments.®* However, it is a global property
of the surface under study, and in this case small changes resulting from the
different morphologies can be expected. In fact the calculated work function
values are all around ~5 eV, comparable to those reported in previous work for

the polar termination.>*®

Clearly, the similarity between calculated values ¢
does not allow us to use this property to characterise each surface motif, either

theoretical or experimentally.

Statistical analysis of surface termination distribution
Experimental characterisation of the C-terminated B-Mo,C (001) surface
detected a number of structural changes during annealing processes at different

18,20 Thus, upon annealing the sputtered B-Mo,C (001) between

temperatures.
840 and 960 K, a honeycomb motif appears as the first well-ordered structure.*
However, it has been shown that annealing at higher temperatures leads to a
change in the surface structure.’® Further experiments have provided evidence
that annealing time also modifies the surface structure.’® The combination of
both temperature and annealing time modifies the carbon coverage on the

surface (8¢), due to its segregation and C oxidation towards CO,.*! For instance,

it was noted that the honeycomb structure changes to a c(2x4) zig-zag motif.?°
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Following previous work, we assume here that the probability of a given

arrangement is described by a Boltzmann distribution and that this governs the

3537

extent of occurrence of a particular configuration at the surface.”™’ To obtain

the probability distribution of the different surface motifs as a function of the
temperature, we employ the calculated DFT energies in a Boltzmann-like

probability (P;) defined as:

—AE,
Qe kel
p= % (6)

i -AE;

T
ZQ/e ’
]

where AE; stands for the energy of the motif i with respect to the energy of C-
non-polar, and Q is the degree of degeneracy associated with each
configuration (Tablel ). The probability of finding each surface motif (or motif
surface fraction) of B-Mo,C (001) at the annealing temperature in
thermodynamic equilibrium is represented in Figure 4. Note that entropic
contributions, C segregation or C reaction with oxygen are not considered.
Therefore, the information from the diagram in Figure 4 has to be taken from a

qualitative point of view only.

The analysis of Figure 4 reveals that the C-non-polar pattern is the most stable
structure at low temperature. However, for temperatures beyond 500 K the
surface area is likely to be shared with the hexagonal and the stripes motifs.
Interestingly, the probability of these secondary patterns to cover the surface
becomes ~ 20 % at 1000 K. Although other terminations may be present, their
contribution to the total surface is negligible. In agreement with Tasker’s
arguments,” we found that non-polar surfaces are the most stable terminations
for every temperature. The presence of different patterns at high temperatures
agrees well with the experiments where the surfaces were annealed at ~900 K.*

In these studies it was pointed out how the presence of each surface domain
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strongly depends on the annealing temperature used, a feature nicely
reproduced by the present modelling study. In fact, a limit of 1300 K was
predicted to be crucial to produce the surface composition changes,?* which is
close to the inflection point of curve for the non-polar C-termination. In
addition, the increment in the C/Mo ratio seen in the experiments is consistent
with the presence of small domains according to the stability of the C-polar

Reconstructed.
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Figure 4. Probability of the different B-Mo,C(001) C-terminations as a function of the absolute
temperature. Entropic contribution has been neglected.

Surface electronic structure and simulated STM images

The electronic structure of the different surfaces can also be analysed in terms
of projected density of states (pDOS) profiles. Figure 5 reports the calculated
pDOS for the C non-polar surface structure. We use this surface as an example

to discuss the pDOS associated with the C-terminated surface as it presents the
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most important features seen in the pDOS of all terminations studied.
Interestingly, there is no apparent relation between the position of Mo atoms in
more external or more internal layers and their contribution to the total DOS.
Some interesting features associated with the creation of the surface can be
identified if we compare the surface with previously reported bulk DOS.*® The
surface pDOS profile clearly shows two peaks at about -12 and -10 eV, and a
wide valence band around the Fermi level, confirming the metallic character of
Mo,C. A further analysis obtained projecting the total DOS on the Mo or C
atoms belonging to a certain layer allows us to identify the contribution of
surface or inner atoms to the total DOS. The surface pDOS presents an
abundance of metallic states in the proximity of the Fermi level. Those states
belong to sub-surface Mo layers, where states associated with carbon atoms are
found at much lower energies. Such valence states are those that can be easily
seen in STM experiments. This behaviour is conserved also in the bulk pDOS
profile where the large majority of the valence states close to the Fermi energy
are predicted to be associated with Mo 5d states and carbon states are present

in much smaller quantities at higher binding energies.
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Figure 5: Projected density of states (pDOS) for the non-polar reconstruction of the C-terminated
(001) surface. The profile explicitly shows the contribution of each Mo or C layer to the total DOS
(displayed in black), highlighting how the large majority of the valence states are associated with

Mo atoms.

The bulk DOS presents a clearly marked peak around -12 eV associated with the
C 2s states and with a small contribution of Mo 5d bands. In the surface pDOS,
displayed in Figure 5, the peak at -12 eV is still present, although another peak
arises at about -10 eV. The former is associated with carbon atoms belonging to
different layers, and with a non-negligible contribution from Mo atoms in
different layers. The second peak has no contribution from carbon atoms but all
states come from Mo atoms belonging to different layers. The surface pDOS

" ”

profile confirms the idea of surface carbon atoms floating on a “sea” of

electrons coming from Mo atoms in deeper layers of the material.*®

The B-Mo,C (001) surface has been characterised by scanning tunnelling
microscopy (STM), showing a honeycomb structure (8¢= 0.33 ML) with a centred
carbon as a sombrero protrusion.® The c(2x4) zigzag pattern was also identified
by Fukui et al.” for a carbon coverage of 0.5 ML on the surface. To further
compare the proposed surface terminations with experimental findings, we
have modelled the STM images for the motifs predicted to be the most stable:
C-non-polar, Stripes and Hexagonal. The topographical STM images were
obtained using the well-known Tersoff-Haman approach that links the potential
applied between the tip of the microscope and the surface with the electron
density associated with a certain energy window from the Fermi energy.*® The
simulated images in Figure 6 provide information about the spatial distribution
of the valence band states in the vicinity of the Fermi energy (Ef), which is
particularly useful for systems where the ad-atoms can interact with the surface
in many different sites. Compared with isodensity plots, they are directly
comparable with experimental STM with the advantage that the model does not

suffer from external perturbations, such as the electric field of an STM
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experimental tip influencing the position and orientation of species adsorbed on

a surface.”

The STM simulation of the C-non-polar motif shows a protrusion in the centre of
distorted hexagons, which is formed by low density peaks of the C atoms. The
high density regions surrounding the C correspond to sub-surface Mo atoms
whose states lie in the proximity of the Fermi level. In any case, it is important
to note that the surface occupied states do not correspond to surface carbon, as
initially suggested,'® but are dominated by sub-surface Mo atoms. This finding is
consistent with the pDOS of Figure 5. The motif we denoted as “hexagonal”
shows the Mo electron density embedding C atoms corresponding to wells of
low density. The intense electron density of Mo atoms largely affects C
detection on the surface, strengthening the definition of C atoms floating “upon
a calm sea of electrons”.” Nevertheless, the constant current simulated STM of
the Stripes motif shows high signals for Mo sites and depressions where C
atoms sit, exposing clear parallel rows. Some structural relations can be seen
when we compare the images obtained with the experimental data available,
also assenting the inter-atomic distances reported above. The most immediate
is the correspondence between calculated and experimental STM images for the
“Stripe” motifs at 8= 0.5 ML. Here, two different types of C atoms cover the Mo
sub-surface layer as demonstrated by the different height of the low density
peaks seen in the simulated STM. Nevertheless, the Stripe type structures may
lower the surface C coverage and evolve presumably to another non-polar
structure, perhaps to the so-called honeycomb structures as previously

guessed.”
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Figure 6. Simulated STM images for the three most stable C-terminations. Images were obtained
displaying the electron density associated with the states between up to 0.5 eV at a constant

charge density of 10~ e /A>,
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Conclusions

Periodic DFT calculations have been used to study the stability of a number of C-
terminated (001) surfaces of B-Mo,C. Models for this surface termination have
been proposed, which include polar and non-polar terminations; the latter are
expected to be more stable according to the Tasker classification of polar

surfaces of ionic materials.?

Various surface properties have been derived for each termination and motif
including the cleavage energy (as a measure of the surface stability), work
function, Bader atomic charges and atomic structure. Although the differences
between top surface atomic charges or work functions are almost negligible, the
surface relaxation leads to an important rumpling on the non-polar C-
terminated surfaces. Furthermore, from the cleavage energy analysis we
suggest that non-polar C-terminated surfaces are the most thermodynamically
stable. Nevertheless, other surfaces may be present depending on synthetic

conditions favouring or hindering the formation of these surfaces.

A Boltzmann distribution derived from DFT calculated energy values has been
proposed to quantify the contribution of each motif to the surface at different
temperatures, highlighting that at high temperatures various surfaces may be
present although the non-polar C-terminated surface is likely to be dominant. In
case of extra carbon at the surface, reconstructed domains may coexist. These
results provide a theoretical explanation of previous experimental results that
encountered a strong dependence of surface structure on annealing
temperature. In these studies, some STM images were presented and various
domains identified.” Simulated STM images show a straightforward comparison
with experiment and, in particular, simulated STM images for the Stripes models
nicely compare to experimental ones obtained at 6= 0.5 ML, whereas the
honeycomb structure is formed at different coverage and, presumably, from a

non-polar C-terminated surface.
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Chapter 8

Summary and concluding remarks

In this thesis we have investigated several TMC systems. In some case we
focused on the adsorption and reactivity of molecules on surfaces, in others on
structural properties of carbides and on their interaction with noble metal
atoms.

Adsorption of molecules

Throughout this thesis adsorption of several molecules (CO, CO,, H,, H,0) was
studied on various TMC and noble metal clusters supported thereon. In a first
moment we concentrated just on carbon monoxide. We considered the
extended (001) surface of TiC but also terraces, monatomic steps and kink
defective sites. In all cases the surface carbon atoms demonstrated to be
favored sites for the adsorption and not simple spectators.

Despite the characteristic high hardness of TMC materials, the surface is largely
distorted upon adsorption. Our DFT study predicts that the underlying surface C
atom is pulled out of the surface plane of about 0.5 A. This strong interaction
destabilizes the system influencing the calculated adsorption energy. For lower
coverage the distortion energy associated to the new C-C double bonds formed
is reduced because a smaller number of molecules are adsorbed on the surface
and so the adsorption energy value for low coverage situations is converged
using big supercell models.

Results obtained® pointed out the importance of using reliable models that well
describe the surface relaxation upon adsorption. Our periodic slab model where
the uppermost 2 layers are fully relaxed and the bottom 2 are fixed to the
optimized bulk position demonstrated to offer accurate results for both
adsorption energies and geometries.
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Adsorption on defective sites® resulted in a confirmation of the surface carbons
as the preferred CO adsorption sites on TiC. The lower coordination of the
adsorptive atoms corresponds with an increment of the bond strength.

Trends obtained with the highly computational demanding extended models
used to study adsorption on edge or kink sites where qualitatively reproduced
with the cheaper finite nanocube model. This opens to a systematic study of the
effect of the reduced coordination on the adsorptive properties of other rock
salt TMCs.

Reactivity of adsorbed molecules

The important information achieved about CO-TiC (001) interaction was used to
set up a consistent methodology to study the reactivity of adsorbed molecules
on clean TiC (001) surface and on two gold clusters models, Au, and Aug,
adsorbed on TiC support.

The relaxation of the TiC substrate is needed to obtain reliable results about
adsorption energies and geometries. Studying the reactivity of syngas,® a
mixture of CO and H,, on the clean (001) surface such relaxation demonstrated
to be crucial to properly identify intermediates and transition state structures.
However the energy barriers calculated for methane or formaldehyde formation
where by far too high and those processes are unviable on the clean support.

Gold clusters supported by TiC (001) improve the catalytic activity of the system.
In fact, the calculated reaction barrier for the first hydrogenation of CO is
reduced on the bigger Aug cluster respect to the clean support or the smaller
Au, cluster by consequence of both electronic and structural features, but
however the reaction continues to be highly hindered. Despite of these results
CO, activation and hydrogenation is predicted to be fast on the Au, system.* Ab
initio estimation of the reaction rates for the Water Gas Shift Reaction at
industrial conditions was used to compare results obtained for the Au,/TiC (001)
model catalyst with experiments confirming the high catalytic activity found.
These results point out the high catalytic activity of small gold nanoclusters and
their activation upon interaction with TiC but also spread light on some possible
controversial results obtained. Lack of catalytic activity of the Au,/TiC (001)
system toward CO hydrogenation does not have to be imputed just to the
heterogeneous catalyst but to the interaction with the reactants that causes a
structural hindering impeding the reaction.
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Interaction with noble metals

Information obtained up to now confirmed that the interaction with TMC
activates noble metal nanoparticles adsorbed thereon. In particular Ni, Cu and
Au clusters are strongly perturbed upon adsorption resulting in extremely active
catalysts.>®

For this reason, our research continued focusing on the interaction of those
atoms with another rock—salt TMC: the & phase of the molybdenum carbide
catalyst. Such phase is predicted to be metastable although the (001) surface
has the lowest cleavage energy of all low index surfaces commonly considered
when studying molybdenum carbide materials.”® This study showed how the
interaction is stronger for lowest coverage considered but, most important, that
the relaxation of the surface is needed to well describe low coverage
adsorption. Adsorption energies calculated are in the order of 2 - 5.5 eV,
increasing when reducing the coverage and in the order Au < Cu < Ni. Indeed
adsorption causes a strong distortion of the underlying surface, proved by the
increment of about 25 % of the hollow area where noble metal atoms adsorb.
The calculated d band center shifts to more positive energies for higher
coverage inferring an increment of the catalytic activity. For all coverage
considered the activity is predicted to increase in the order Ni > Cu > Au. These
predictions agree with recent experiments performed using titanium carbide as
support for small Au, Cu or Ni clusters.’

Structural investigation of [3-Mo,C (001) C-terminated
morphology

The experimental confirmation of our theoretical results obtained for
adsorption, reactivity and catalytic activity trends strengths the reliability in the
computational models used. It opened a way for the prediction of possible
morphologies of the (001) surface of Mo,C, an important less studied carbide
whose interesting application are stimulating recent investigations.g'10

When studying the catalytic activity of small metal nanoclusters adsorbed on
any support the first necessary step is the determination of the structure of the
surface under study. In this part of our research we studied the applicability of
the classical concepts developed by Tasker for oxide material to transition metal
carbides.' Following classical electrostatics the polar low index surfaces of TMC
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should undergo reconstruction in order to minimize the finite dipole
perpendicular to the surface due to the polarity of the TM-C bond.

Our study*® guessed possible non-polar reconstruction for the (001) surface of
Mo,C focusing on the calculated cleavage energy, proportional to the stability of
each termination considered. In these sense smaller cleavage energies
corresponds to more stable surface structures.

All non-polar reconstructions decreases the calculated cleavage energy,
confirming the applicability of Tasker’s concepts to TMCs. Boltzmann
distribution was then used to predict the abundance of each guessed
termination as function of the temperature. At low temperature the non-polar
reconstruction is by far the most abundant of the surface where for higher
temperature it is expected the presence of others non-polar reconstructed
domains together with a small fraction covered by the polar C-terminated
surface.
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